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The data on the thermal decomposition of nitrous oxide, which as they stand are anomalous in many 
respects, are examined. It is found at low concentrations of nitrous oxide that a heterogeneous first-order 
reaction of low energy of activation becomes important. Correction of all data for this heterogeneous reaction 
removes most of the anomalous spread of values of the energy of activation which had varied from 48 to 65 
kcal per mole. The energy of activation at the low concentration limit is 59 kcal per mole, which gives normal 
pre-exponential factors and “number of oscillators.” The data, corrected for heterogeneity, are those’for a 
straightforward unimolecular reaction, giving the low concentration limit and approaching the high concen- 
tration limit. By empirical modification of existing theories specific rate constants are found for the variously 
excited molecules which give a good description of the observed curve of log rate-constant vs log-concentration. 
The function of specific rate constants vs energy of the molecule is closely related to the continuous form pro- 
posed by Rice and Ramsperger, who assume four effective oscillators, which is the number of normal modes 
of vibration of the nitrous oxide molecule. More experimental work is needed on this kinetic system. 





INTRODUCTION 


HE decomposition of nitrous oxide is of unusual 

interest, for it is the simplest molecule capable of 
unimolecular reaction where activation is ultimately 
supplied by collisions and it has been studied over an 
extremely wide range of initial concentrations. As the 
literature stands, the data on this reaction are anom- 
alous in many respects. In general, the anomalies are 
that the data do not fit any theory of unimolecular 
reactions. In particular, the worst anomaly is the wide 
variation of observed energies of activation, 48 to 65 
kcal per mole. One gets completely different quantita- 
tive interpretations, such as pre-exponential factor, 
“number of oscillators,” whether or not to postulate 
nonadiabatic features to the reaction, etc., depending 
on which value of energy of activation one uses. This 
anomaly will be shown to be due to a heterogeneous 
mode of decomposition, which becomes serious at low 
concentrations. Hinshelwood! discusses the complex 
series of straight-line portions of the data when rate 
constants are plotted against pressure. When the loga- 
rithm of the rate constant is plotted against the 
logarithm of the concentration of nitrous oxide for all 
studies by all workers, these “dog legs” are absent. 


Elimination of the heterogeneous reaction and correla- 
ES 

‘C. N. Hinshelwood, Kinetics of Chemical Change (Oxford 
University Press, Oxford, 1940), pp. 131-136. 
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tion of all workers’ results on log-log plots remove the 
worst anomalies of this reaction, and it is found to be 
simply a unimolecular reaction with all of the expected 
properties. 


DISCUSSION 


The mechanism of the decomposition of nitrous oxide 
is not completely understood. The remaining uncer- 
tainties pertain to the secondary processes and are 
believed to be able to cause no greater error in the value 
of rate constants than a factor of two. 

The first step is generally accepted to be 


N,O=N:2+O0-—39.5 kcal. (1) 


The production of a nitrogen atom and nitric oxide in a 
unimolecular step is disproved on the ground of energy. 
Secondary steps are believed to be some combination of 


0+0+M=02+M, (2) 
O+ N,O= Not Or, (3) 
O+N,O=NO+NO. (4) 


On the basis of photochemical studies’ it has been es- 
tablished that step (2) is fast compared with steps (3) 
and (4) at room temperature, and the energy of activa- 
tion of steps (3) and (4) was estimated to be between 


? Henriques, Duncan, and Noyes, J. Chem. Phys. 6, 518 (1938). 
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14 and 24 kcal. This photochemical evidence further 
indicates that step (3) is no more probable than step 
(4). Since some nitric oxide is formed in decomposing 
nitrous oxide, there exists some definite information on 
step (4). It has been found’ that the percentage yield of 
nitric oxide increases with temperature from 0.28 per- 
cent at 973°K to 14.4 percent at 1473°K. The data on 
the decomposition of nitrous oxide reviewed here are for 
temperatures between 841 and 1052°K. Over this range 
reaction (4) is detectable but not important, and by 
virtue of the photochemical argument step (3) may be 
neglected also. 

A more serious problem of mechanism is posed by the 
fact that nitric oxide has been shown‘ to be a catalyst 
for the decomposition of nitrous oxide, especially when 
present in large excess. Arbitrarily assuming the cataly- 
sis to be first order with respect to nitric oxide, one finds 
this effect to be very small at 888°K, which is the tem- 
perature on which most emphasis is given in this study. 
This catalysis may cause serious error in rate constants 
obtained above 1000°K. Slight evidence against this 
being a great source of error is the fact that Lewis and 
Hinshelwood! found very nearly the same rate constants 
from the initial reaction as from the half-times, whereas 
the amount of nitric oxide is greatly different initially 
and at the half-life. 

In detail, the assumed mechanism for the decomposi- 
tion of pure nitrous oxide is 


a; 
activation by collision: NJO+N,0—N,0;*+N,0; (5) 
b; 
de-activation by collision: N2xO;*+N,O—N,0+N.0; 


Ci 
unimolecular reaction: N,O;*—>N.+0; 
recombination of oxygen atoms on wall and by 
3-body collisions, 


where the asterisk denotes energy in excess of the critical 
energy and i counts the energy levels of the molecule 
above the critical energy. Thus, the assumption is made 
that the reaction is predominantly a regular unimolecu- 
lar decomposition followed by secondary side reactions 
which do not activate nor consume much nitrous oxide. 
The consequences of this assumption will be derived 
and compared with experiment. Making the usual 
steady-state assumption for N2O,*, one finds 


—d[N,O//dt=k[N.0] 
= [N:0]>> iaici{. N20 ]/b;[N20 J+ Cie (6) 


Here & is the empirical first-order constant. The sum- 
mation is carried out over all excited states of the 
molecule above its critical energy. 


3 Briner, Moiner, and Rothen, J. Chim. Phys. 23, 609 (1926). 

‘F. F. Musgrave and C. N. Hinshelwood, Proc. Roy. Soc. 
(London) A135, 23 (1932). 

5 R. M. Lewis and C. N. Hinshelwood, Proc. Roy. Soc. (London) 
A168, 441 (1938). 
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All data were re-expressed in units of moles per cc, 
seconds, and degrees absolute; and first-order rate 
constants & are given in units of sec". The only data 
used were those where rate constants were measured 
over a range of concentrations. All studies with foreign 
gases were eliminated because it is only at the low con- 
centration limit that the relative effect of foreign gases 
has a simple meaning, and all studies with foreign 
gases were above this limit. Early work with flow 
systems was ignored. Hinshelwood and Burk’s® work 
was rejected because they seem to have used impure’ 
nitrous oxide. All tables were rejected which reported 
rate constants at different temperatures for constant 
pressure of reactant. Unimolecular rate constants are 
functions of temperature and concentration, and pres- 
sure itself is also a function of temperature and con- 
centration. Energies of activation at constant pressure 
are not the same as those at constant concentration, 
and this discrepancy varies with concentration in such 
a manner that correction is impossible without addi- 
tional data. With these criteria the following data 
representing 202 rate constants were used, and the 
abbreviations used in subsequent tables are given: 


NV®: Table I. 
VF*: Tables II-V (except points at 687°C). 
MH!: Tables for 779°C (except point No. 5). 

H"®: Tables II-VI (except below 1 kg/cm? in Table 
VI, where stated purpose of constant concen- 
tration not observed). 

LH®: Table I (half-lives only). 


If 6{.N2O] is less than c; for all 7, one has the low 
concentration region, and expansion of Eq. (6) gives 


k= [N20 ]> iai— [N20 PS (a:b;/c;) 
+LN20 2 .a:(b;/c;?—---. (7) 


To get the limiting low concentration rate constant for 
the second-order rate of activation, one plots k against 
[NO] and the slope of the straight line through the 
origin is > ;a;=a. At constant temperature, plots were 
made of rate constant k against concentration of nitrous 
oxide [N20 ]. Good straight lines were obtained over a 
wide range of [NO] with, however, finite intercept on 
the & axis. A least-squares straight line was fitted to 
each set of data over the concentration range of 0 to 
0.015X10-* mole/cc. The intercepts for Volmer'’s 
studies were less than those for Hinshelwood, after 
allowing for the differences in temperature. Volmer 
used a 700-cc quartz reaction vessel, whereas Hinshel- 
wood and Lewis used one of 155 cc and Musgrave and 
Hinshelwood’s was about 200 cc. The energy of activa- 
tion of Volmer’s intercepts was 29 kcal, and that of 
6 C. N. Hinshelwood and R. R. Burk, Proc. Roy. Soc. (London) 
A106, 284 (1924). 
7L. S. Kassel, Kinetics of Homogeneous Gas Reactions (Chemical 
Catalog Company, New York, 1932), p. 228. 
a he Nagasako and M. Volmer, Z. physik. Chem. 10B, 4!4 


9M. Volmer and H. Froehlich, Z. physik. Chem. 19B, 85 (1932). 
10 E. Hunter, Proc. Roy. Soc. (London) A144, 386 (1934). 
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Hinshelwood’s intercepts 28 kcal. The decomposition 
of nitrous oxide is 39.5 kcal endothermic. These facts 
taken together strongly indicate that the intercepts 
represent a heterogeneous first-order reaction. Hibben" 
found the decomposition of nitrous oxide to be entirely 
heterogeneous and first-order in quartz at 600°K and 
at a few hundredths of a mm pressure. Therefore, it 
was concluded that these intercepts were the first-order 
rate constants for a heterogeneous reaction of low energy 
of activation. The value of each intercept was sub- 
tracted from each observed first-order constant for that 
temperature. Correction of E. Hunter’s data was 
accomplished by interpolation and extrapolation of 
Hinshelwood’s intercepts, since their low pressure 
apparatus was the same and at high pressures the 
correction is not very important anyhow. In this 
manner the 202 rate constants were corrected for 
heterogeneity, and all further analysis of the data 
was done with these corrected points. The summary of 
the intercepts and slopes is given in Table I. It is de- 
sirable to study the decomposition of nitrous oxide in a 
very large bulb at low pressures; meanwhile, it is felt 
that this method of correction yields a fair first approxi- 
mation to the homogeneous reaction. 

According to Eq. (7), the slope obtained in the plot of 
k against [N.O] is a, the second-order rate constant 
for activation. A plot of these values of log @ against 
1000/T shows the two laboratories to agree very well, 
whereas the untreated data are in considerable dis- 
agreement at low concentrations. The energy of activa- 
tion of these zero-concentration rate constants is 60.9 
kcal. The low energies of activation (around 53 kcal) 
reported by Volmer and by Lewis and Hinshelwood are 
caused by partial participation of the heterogeneous 
reaction. 

By making use of the key assumption to the Rice- 
Ramsperger-Kassel theory of unimolecular reactions, 
one can interpret the second and higher terms in Eg. (7). 
The assumption is that every collision of an activated 
molecule results in redistribution of energy and thus 
the loss of one activated molecule.” This assumption 
leads to the results, 


6=b=kinetic collision constant 
=~ 10" cc mole sec~ for simple molecules, (8) 
a;=bP ty 


where P; is the Maxwell-Boltzmann probability of the 
State 7 in the hypothetical absence of reaction. From 
the definition of an average one gets 


(1/c)w= Doi(1/c:) Pi/LPi. (9) 
For abbreviation let —;P;=P, and then Eq. (7) is 


k/[N,0]=bP—[N.0 ]0%(1/c)wP 
+[N20 Pb%(1/c?)wP:+-. (10) 
Thus, to this degree of assumption, the higher terms in 


" J. H. Hibben, J. Am. Chem. Soc. 50, 940 (1928). 
” Reference 7, pp. 98-99. 


DECOMPOSITION OF NITROUS OXIDE 








TABLE I. Summary of values for the first-order 
heterogeneous intercept. 











Energy 
of ac- 
tivation 
Number Tempera- of inter- 
of ture Intercept Slope cept kcal 
Authors points °K sec! 104 cc/mole-sec per mole 
MH 4 1052 1.523 2773 
LH 11 1020 1.516 1195 
LH 3 925 0.270 46 28 
VF 10 953 0.252 149 
VF 7 938 0.280 67 
VF 12 913 0.097 40 
VF 4 898 0.130 18.6 29 








Eq. (10) give (1/c)w, (1/c?)w, etc., or the moments of the 
function 1/c;. The first moment is of great interest, 
since 0.693(1/c)w is the average half-life of excited 
molecules with respect to decomposition. A check on 
the validity of the assumption of perfect efficiency for 
energy redistribution for very highly excited molecules 
is whether these quantitative interpretations are reason- 
able and consistent with other knowledge. 

For all points from zero to 0.05 or 0.06 10~ mole/cc 
(depending on prior graphical inspection) a straight 
line was fitted by the method of least squares to 
k/C[N2O] against [N20]. The values of 6P or a from 
this intercept and values of (1/c), are listed in Table IT. 

The values of bP agree rather well with those found 
from the slope of the first straight line. The energy of 
activation is 59.2 kcal as opposed to 60.9 by the other 
method. Since considerably more points went to give 
the figure 59.2, it is used as the low concentration limit 
of the energy of activation. (The figure 60.9 or the 
average of 60 kcal might equally well have been chosen.) 
By using 3.31X10-* cm as the collisional diameter of 
nitrous oxide, we found values for } which are listed in 
Table II. Whereas the value of bP varies over a factor 
of 100, the value of (1/c)4 varies over a factor of 2.5. 
The average half-life of normally distributed activated 
molecules is about 10~° sec. 

Assuming the idealized classical distribution func- 
tion, one may evaluate the effective number of 
oscillators and the critical energy. The closest number of 
oscillators is three, using either 59.2 kcal or 60.9 as the 


TABLE II. Summary of values of parameters from Eq. (9) 
fitted to low concentration data. 








“4 
Number Tempera- oP bx10 








0 ture cc cc (1/c)ay 
Authors points °K mole sec mole sec P X10" = sec X101° 
MH 7 1053 2650 1.080 2420 10 
LH 20 1020 1250 1.040 1200 7 
VF tee 953 tee 1.00 149 tee 
VF 11 938 81.7 0.99 82.6 5 
LF 9 925 45.4 0.981 46.6 5 
VF 15 913 39.5 0.98 40.5 4 
VF 12 898 23.5 0.97 24.3 4 








13 Reference 7, p. 103. 
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TABLE III. Parameters from the equation logk = logA — E/2.303RT 
at constant concentration of nitrous oxide. 











Number Energy of 

Concentration of activation logA 

moles/cc X 104 points kcal per mole (A in sec™) 
0 6 59.2 tee 
0.0025 rf 59.7 9.2340 
0.0050 7 59.5 9.4791 
0.010 6 59.0 9.6547 
0.025 6 57.4 9.6414 
0.050 10 57.4 9.8417 
0.10 11 58.0 10.1884 
0.25 7 59.4 10.7219 
0.50 4 63.8 11.9802 
1.00 4 63.4 12.0407 
2.50 5 60.9 11.6238 
5.00 5 60.6 11.6652 








zero-concentration energy of activation. At 975°K, 
the average temperature for the points which gave 
59.2 kcal as the energy of activation, one finds the 
critical energy to be 62.1 kcal, vastly higher than 39.5 
kcal which is the N—O bond energy in nitrous oxide. 
Use of the idealized quantum distribution function” 
yields 3 as the number of oscillators and 60.3 kcal as 
the critical energy; this computation uses 588 cm™ 
for the vibration frequency. Either of these values is 
reasonable and a great improvement over the previous 
status of this computation for this reaction. 


TABLE IV. Observed, extrapolated, and calculated rate 
constants at 888°K. 











[N20] Observed k Extrapolated k Calculated k 

moles /cc X104 sec™! 104 sec™! X104 sec™! X104 

0.0025 0.0349 0.0345 

0.0050 0.0695 0.0662 

0.010 0.136 0.123 

0.025 0.328 0.266 

0.048 0.350 

0.050 0.506 0.450 

0.061 0.458 

0.072 0.576 

0.100 0.830 0.721 

0.250 1.21 1.27 

0.324 1.289 

0.451 1.836 

0.500 1.86 1.86 

0.527 2.002 

0.617 2.182 

0.749 2.294 

0.897 2.282 

1.000 2.62 2.62 

1.155 2.708 

1.411 2.720 

1.659 3.161 

1.704 3.114 

2.500 3.92 3.80 

2.549 3.624 

3.267 4.354 

3.275 4.292 

4.036 4.492 

4.362 4.526 

4.839 4.600 

5.000 5.19 4.77 

5.251 4.616 


20 7.47 
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The best way to see what goes on over these wide 
ranges of concentration and rate constant is to make a 
plot of logk against log[N.O]. All corrected rate 
constants were plotted on a large scale, and lines were 
drawn in for constant temperature. Twelve convenient, 
about equally spaced points on log[ N20 | were selected, 
and as many points as possible were taken from the 
curves for each value of [N2O ]. These values of inter- 
polated &’s for constant concentration at different 
temperatures were used to compute the energy of activa- 
tion as a function of concentration. The values of the 
energy of activation found in this way are listed in 
Table III. The least-squares straight lines of logk 
against 1000/T were all extrapolated to 888°K to rein- 
force E. Hunter’s high concentration data taken there. 
These rate constants are listed in Table IV as “Extra- 
polated.” 

Both the measured and the extrapolated points at 
888°K are listed in Table IV. A plot of these points, 
logk against log[ NO], is a smooth continuous curve, 
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Initial concentration of nitrous oxide, moles cc™! K104 


Fic. 1. First-order rate constants for nitrous oxide at 888°K. 
+ observed by E. Hunter. O extrapolated from all workers. 
Curve calculated from c’s in Table V. 


Fig. 1, with no evidence for discontinuous bends. 
The points definitely will not permit a straight line 
over the entire curve,!® and the reaction certainly is 
not 1.5 order or any other fractional order. The curve 
gives a 45° slope between zero and 0.01 X 10~ mole/cc. 
Above this region the curve bends slowly and continu- 
ously, and finally above 1.0X10~ mole/cc there is a 
tendency to flatten out. However, the high concentra- 
tion limit is not reached. This curve shows the typical 
behavior expected of a straightforward unimolecular 
reaction. 

After the data are corrected for heterogeneity, they 
appear to be those for a unimolecular reaction which 
fulfill the low concentration limit and which approach 
the high concentration limit. Thus, the data are the 
most extensive now published, and the theories of 
unimolecular reactions: should be tested with them. 





44 Reference 7, p. 96, 





15R. N. Pease, Equilibrium and Kinetics of Gas Reactions 
(Princeton University Press, Princeton, New Jersey, 1942), p. 128. 








The 
perg 
give 
duce 
resu 


The 
assu 
A 
are | 
to ti 
show 
the | 
limit 
only 
limit 
at th 
furth 
To 
tiona 
the 1 
mode 
mom 
vibra 
linea 
in Kz 
In th 
range 
10 or 
nifica 
was fe 
presst 
paran 
all lov 
for ea 
stants 
obsery 
obsery 
Fig. 1. 
with 
energy 
By 
over € 
critica 





wide 
uke a 
rate 
were 
‘lent, 
cted, 
1 the 
nter- 
erent 
tiva- 
f the 
ed in 
logk 
rein- 
here. 
“xtra- 


its at 
oints, 
‘urve, 





888°K. 
vorkers. 


yends.! 
it line 
inly is 
curve 
ole/cc. 
ntinu- 
re is a 
sentra- 
typical 
lecular 


r, they 
which 
proach 
ire the 
ries of 
them. 


Reactions 
),P. 128, 





The theories of Hinshelwood,'* of Rice and Rams- 
perger,'7 and of Kassel’* all embody the assumption 
given by Eq. (8) above. When this assumption is intro- 
duced into Eq. (6), which contains the mechanism, there 
results for the empirical first-order rate constant 


k => Zz: ibe:P {N20 |/bL N20 J+ Ci. (10) 


The three subtheories mentioned above arise when one 
assumes various forms for the functions c; and P;. 

According to Hinshelwood’s theory, all values of ¢; 
are constant, of value c. It is not necessary in detail 
to try to fit the data of Fig. 1 to this assumption to 
show that it is invalid. If all specific rate constants are 
the same, then the range of pressure from the high 
limit, BT N20 ]>>c, to the low limit, b[N2O]}<c, could 
only be about a factor of 100. Since for N2O the high 
limit occurs at a concentration at least 10* times that 
at the low limit, this theory must be dropped with no 
further consideration. 

To test Kassel’s theory, one must assume a vibra- 
tional frequency. It seems much more probable that 
the molecule can dissociate by way of the nonlinear 
modes of ‘vibration and still conserve energy and 
momentum than by way of the two linear modes of 
vibration. Thus, the frequency of the degenerate non- 
linear vibration 588 cm! was chosen as the frequency 
in Kassel’s theory, and four oscillators were assumed. 
In this way several terms of P; were computed, the 
range of c; was noted, and it was concluded that at most 
10 or 12 terms in the sum of Eq. (10) contribute sig- 
nificantly. The proportionality constant in this theory 
was found by fitting the sum of Eq. (10) to the highest 
pressure point observed. By these assumptions all 
parameters are determined, and the rate constants at 
all lower pressures should be found by summing Eq. (10) 
for each lower concentration. However, the rate con- 
stants computed in this way deviated strongly from the 
observed data. The calculated curve lay above the 
observed points in the middle concentration region of 
Fig. 1. This type of fit has been observed to be associated 
with functions c; which increase too slowly with the 
energy ¢; of the molecule. 

By integrating the classical distribution function™ 
over each half-unit of RT from 0 to 2RT above the 
critical energy, and over each unit of RT above that 





* Reference 7, pp. 96, 100, 104. 
" Reference 7, pp. 102-105. 
® Reference 7, pp. 96, 97, Eqs. (2) and (6). 


DECOMPOSITION OF NITROUS OXIDE 





TABLE V. Specific rate constants ¢; as a function of 
energy above critical energy. 











Energy above Energy 
critical in above 

units of 888 R ci sec! K10-10 critical ci sec! K10710 
0.5 0.0255 7 12.43 
1 0.0754 8 17.29 
1.5 0.2036 9 22.98 
2 0.4406 10 29.47 
3 1.336 11 36.73 
4 2.908 12 44.71 
5 5.252 13 53.37 
6 8.420 








to 12RT, the classical theory of Rice and Ramsperger 
can also be tested as a finite sum, Eq. (10). The relative 
values of the specific rate constants as a function of 
energy are 


c(e) « (1—e./€)*, (11) 


where ¢ is the energy above the critical energy ¢, and 
s is the number of oscillators in the molecule. Sur- 
prisingly enough, this function gave better agreement 
with experiment than Kassel’s theory..As in that case, 
the proportionality constant in Eq. (11) was fitted at 
the highest observed concentration. With s=5 this 
function gave a curve well to the right of Fig. 1, and 
with s=3 it humped well to the left. With s=4 the 
calculated curve agreed very well at high and middle 
regions of log{ N.O ], but it fell to the right at low con- 
centrations. Trial and error variation of this function 
gave a set of values of c, Table V, which fit the experi- 
mental points over the entire pressure range; the curve 
in Fig. 1 is calculated in this way. 

For this particular set of data there are two large 
areas wherein there may be considerable errors aside 
from experimental errors. The mechanism is not fully 
understood, and the heterogeneous reaction may not 
be adequately corrected by the method used here. 
Further work should be done to clarify the mechanism, 
and the reaction should be studied at 888°K in a very 
large vessel at low pressures. Until these studies are 
completed, the quantitative results of this analysis 
should not be given too literal an interpretation. It 
appears possible, however, that the data for the uni- 
molecular reaction of this simple molecule may be 
refined to the point of providing a detailed test of the 
relative and absolute merits of the various forms of the 
collisional theories of unimolecular reactions. 
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Methyl Radical Induced Polymerization of Gaseous Butadiene 


Davip H. VoLMAN 
Division of Chemistry, College of Agriculture, University of California, Davis, California 
(Received March 14, 1951) 


Free methyl radicals from thermally decomposing di-t-butyl peroxide were used to initiate the poly- 
merization of gaseous butadiene. The rate of polymerization was found to follow the equation —d[M ]/dt 
=k,(ki/k:)*LM J[C}}, where kp, ki, and k; refer to the rate constants for propagation, initiation, and termina- 
tion, respectively; M and C refer to butadiene and peroxide. From the effect of temperature on the over-all 
rate constant and the known values of E; and E;, the value of Ep, the activation energy for chain propagation, 


was found to be 2.6 kcal/mole. 





INTRODUCTION 


HE methyl radical induced polymerization of 


butadiene in the gas phase has previously been - 


carried out by photochemical techniques with mix- 
tures of acetone and butadiene.'! Thermally, the self- 
polymerization of butadiene has been studied and was 
shown to be a Diels-alder condensation-type reaction 
leading mainly to dimer formation.?~* This dimeriza- 
tion, which occurs with a measurable rate at 230° and 
200-mm butadiene pressure, makes it difficult to study 
the induced polymerization by thermally produced 
free radicals. The activation energies for most reactions 
yielding radicals by unimolecular decomposition are 
above 50 kcal/mole, and hence the yield of free radicals 
at temperatures below 230° is negligible. 

Recently, it has been shown that the decomposition 
of di-i-butyl peroxide proceeds cleanly at 150° by a 
unimolecular process*~’ with an activation energy of 
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1D. H. Volman, J. Chem. Phys. 14, 467 (1946). 
2 W. E. Vaughan, J. Am. Chem. Soc. 54, 3863 (1932). 
3G. B. Kistiakowsky and J. R. Lacher, J. Am. Chem. Soc. 58, 
123 (1936). 
( ‘ 3) B. Kistiakowsky and W. W. Ransom, J. Chem. Phys. 7, 9 
1939). 
( 336) A. Milas and D. M. Surgenor, J. Am. Chem. Soc. 68, 205 
1936). 
(1986) George and A. D. Walsh, Trans. Faraday Soc. 42, 94 
946). 
7 Raley, Rust, and Vaughan, J. Am. Chem. Soc. 70, 88 (1948). 
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39.1 kcal/mole. The results of Raley, Rust, and 
Vaughan’ show that the reactions are: 


(CH3)3COOC(CH3)3—2(CH3)3COR:j, (1) 
2(CH3)3CO —2(CH3)2CO+2CHs;, (2) 
CH;+CH; —C2He, (3) 


leading to acetone and ethane as the reaction products. 
At temperatures at which the peroxide decomposes, the 
t-butoxy radical is presumed to decompose very rapidly 
by Eq. (2). This sequence then presents a convenient 
way of preparing methyl radicals at temperatures well 
below that at which dimerization of butadiene occurs. 


EXPERIMENTAL DETAILS AND RESULTS 


The 1,3-butadiene was Philips Research Grade. 
Di-t-butyl peroxide was kindly supplied by the Shell 
Development Company; it was further purified by 
bulb-to-bulb distillation. The reactions were carried 
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out in a one-liter Pyrex flask within an oil bath thermo- 
stat. The rate of the reaction was followed by a mercury 
manometer. 

The results of kinetic measurements are shown in 
Table I and Figs. 1 and 2. The rate of pressure change is 
in each case the initial rate. 

For the experiment at 151°, 210-mm butadiene, and 
19.0-mm di-f-buty] peroxide, the reaction was allowed 
to go to almost complete decomposition of the peroxide. 
The entire contents were condensed with liquid air and 
butadiene was pumped off at —90°C. The remaining 
liquid was brought to 0°C, and the resulting pressure 
was found to be 38.6 mm, or just about twice the initial 
peroxide pressure. Fractions taken at —90°C were 
found to be practically pure butadiene with only traces 
of ethane and methane. A fraction taken at 0°C was 
found to be practically pure acetone with traces of 
butadiene.® 


DISCUSSION 


The results of Figs. 1 and 2 indicate that the rate of 
pressure change in the system is given by the equation 


—dP/dt=k[M][C}, (4) 


where [M] is the pressure of butadiene and [C] the 
pressure of the peroxide. Although this is of the form 
expected for a free radical initiated polymerization 
where the formation of free radicals is a unimolecular 
process and the chain termination is a bimolecular 
reaction between free radicals,’ the identification of 
—dP/dt with the polymerization rate requires some 
amplification. Since only negligible amounts of ethane 
were found in the products, it may be assumed that all 
methyl radicals formed are removed by reaction with 
butadiene and therefore each starts a polymerization 
chain. The reaction is then presumed to proceed by the 


sequence ° 
CH;+M —CH;M (5) 
CH;M+M —CH;M ok, (6) 
CH3M,+ CH3M,—(CHs3) 2M minke. (7) 


These equations together with Eqs. (1) and (2) give 
by the usual steady-state treatment 


—d_M \/dt= ky(ki/k:)*LM ILC}. (8) 


The sum of Eqs. (1), (2), and (7) is seen to yield zero 
pressure change provided the product of Eq. (7) re- 
mains in the gas phase; one peroxide molecule and two 
chain radical molecules are used up, two-acetone mole- 
cules and one final product molecule being formed. 
The over-all pressure change in the system is then 
just the rate of polymerization. If m+-n is large, it is 
hot necessary to make this identification, since pressure 





"Analyses made by mass spectrometer through the coopera- 
tion of Dr. Amos Newton of the Radiation Laboratory. 

* For a review of the literature and the kinetic development see 
K. J. Laidler, Chemical Kinetics (McGraw-Hill Book Company, 
Inc., New York, 1950), Chapter XII. 


POLYMERIZATION OF BUTADIENE 





TaBLE I. Rate of polymerization of butadiene. 











Initial Initial 
Initial Di-t-butyl polymerization 
Temp. butadiene peroxide rate 
"— press. mm press. mm mm/min 
140.0 210.0 20.0 0.054 
210.0 9.0 0.036 
210.0 0.0 0.000 
151.0 210.0 19.0 0.100 
210.0 10.0 0.067 
210.0 6.0 0.053 
210.0 0.0 0.000 
471.2 10.0 0.132 
328.2 10.0 0.094 
92.8 10.0 0.033 
41.4 10.0 0.016 
161.2 210.0 18.6 0.180 
210.0 5.8 0.100 
210.0 a 0.077 
210.0 1.0 0.047 
210.0 0.0 0.000 








changes due to acetone formation and free radical re- 
combination would then be negligible compared with 
the pressure change due to polymerization. However, 
for the experiments reported here, m+ m are in the 
range 2-8, and such an analysis is necessary. It may also 
be observed that the low molecular weight of the 
polymer product makes plausible its existence in the gas 
phase at the temperatures involved. 

The values of & were calculated from the slopes of the 
lines in Fig. 2 and gave 


140.0° 151.0° 161.2° 
k= 0.0289 0.0548 0.112 


for k in (moles/liter)— sec. From the plot of Fig. 3 
the activation energy corresponding to k was calcu- 
lated as 22.1 kcal/mole. Since ’ 
k=k,(k,/ki), 
then 
E=3E,4 E,—}£E:. 


Using the rotating-sector method, E; for the polymeri- 





1.6 





~ 


a 


-L 06j9 6 





= 
nN 








10 




















2.30 234 236 t#2 
7/7) «108 


Fic. 3. Initial effect of temperature on over-all rate constant. 
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zation of viny] acetate’® and methyl methacrylate" has 
been found to be zero. For smaller radical recombina- 
tions such as that between two methyls, the activation 
energy is also found to be zero.” Since over such a wide 
degree of complexity E, seems to be zero, it seems valid 
to give it this value for this study; and the result is 


E= 4E + E>. 


10 G. M. Burnett and H. W. Melville, Nature 156, 661 (1945). 
11M. H. Mackay and H. W. Melville, Trans. Faraday Soc. 45, 
323 (1949). 
a SI) Gomer and G. B. Kistiakowsky, J. Chem. Phys. 19, 85 
951). 
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If the carefully determined value of E;=39.1 kcal/ 
mole? is taken, then E,=2.6 kcal/mole. This value of 
the chain propagation activation energy seems reason- 
able by comparison with the value of approximately 
4 found for vinyl acetate!’ and methyl methacrylate." 

Although the value of £ found in this experiment was 
used in conjunction with a known value of £; in order 
to calculate E,, it may be pointed out that 2E or 44.2 
represents an upper limit for the bond dissociation 
energy of the initiating molecule or the O—O bond in 
di-i-butyl peroxide. 
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Molecules in their metastable triplet state are obtained by intense ultraviolet excitation, and the ab- 
sorption spectrum of the excited molecules is then measured. The conditions needed to obtain the required 
concentration of excited molecules are shown, and a method for determining this concentration is developed. 
This enables one to determine the extinction coefficient for the triplet-triplet transition and is an aid in 
characterizing the new state. The methods are applied to a number of compounds having long-lived triplet 


states. 


INTRODUCTION 


HE triplet states of polyatomic molecules are of 

almost as much theoretical importance as the 
singlet states. The nearly complete lack of data, how- 
ever, has prevented their use in directing theoretical 
‘interpretations of molecular electronic spectra and in 
the interpretation of the photochemical and chemical 
behavior of polyatomic molecules. 

In recent years, the lowest-lying triplets have been 
found for many molecules'? but practically nothing 
is known about the higher triplet states. Thus, the 
primary reason for this investigation was to search for 
higher triplet levels and find means for characterizing 
them and correlating them with other states. One 
method for finding these states has been rather fully 
explored in this research, although much detailed ex- 
perimental work remains to be done. So far, a certain 
class of triplet states has been found in a number of 
polynuclear aromatic hydrocarbons and some of their 
derivatives, and the corresponding triplet-triplet transi- 
tion probabilities have been measured approximately 
for some. 

Several possible methods of locating excited triplet 
states were considered before the final choice was made. 
“ee at the Ohio State Spectroscopy Conference, June 

Tt This work was assisted by funds from the ONR under contract 
N6-ori-211-ITI. 


1G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 (1944). 
?R. V. Naumann, thesis, University of California (1947). 


It is almost never possible to use the direct absorption 
from the ground state to excited triplet states because 
the weak intercombination bands are obscured by the 
strong singlet-singlet absorption. Emission from higher 
triplet states to lower ones has never been definitely 
observed in polyatomic molecules, although it is possi- 
ble that such bands could be observed in a properly 
constructed discharge tube, such as one of the types 
used by Schiiler.* The actual method used, however, 
was to observe the absorption bands due to molecules 
in the metastable triplet state. Such bands were ob- 
served in diphenylamine and fluorescein by Lewis and 
his students even before Lewis had realized that the 
phosphorescent state was the triplet state. In these 
experiments, intense cross illumination was used to 
populate the phosphorescent state (metastable triplet 


state), with the remainder of the apparatus the same. f 


as for any other absorption measurement. In some cases, 
the metastable triplet state may lie so close to the 
ground state that sufficient population of the triplet 
can be obtained thermally. This was true in the case of 
several thermochromic compounds recently studied by 
Grubb and Kistiakowsky.® It is quite possible that the 
thermal method would work well for many other com- 
pounds, although in these cases it is a question of locat- 

3H. Schiiler, Spectrochim. Acta 4, 85 (1950). 

4G. N. Lewis and D. Lipkin, J. Am. Chem. Soc. 64, 2801 (1942). 
Lewis, Lipkin, and Magel, J. Am. Chem. Soc. 63, 3005 (1941). 


5’ W. T. Grubb and G. B. Kistiakowsky, J. Am. Chem. Soc. 72, 
419 (1950). 








ing 
one 

A 
aut 
lam 
lifet 
exp 


hh 
nati 
tion 
The 
mix 
is n 
und 
dep 
solv 
The 
The 
leav 
light 
quar 
of P 
two 
tinuc 
tung 
bya 
throv 
quar 
19 
wind 
grap! 
with 
half 
with 
ellipt 
betw 
Thes 
a pre 
reson 
after 
Th 
and f 
of wa 
solidi: 
to rec 
carrie 
of its 
careft 
define 
Tn | 
holder 
multi 
optica 





kcal/ 
ue of 
ason- 
ately 
ell 

t was 
order 
44.2 
ation 
nd in 


1951 


rption 
ecause 
by the 
higher 
initely 
possi- 
operly 
types 
weve, 
lecules 
re ob- 
ris and 
at the 
| these 
sed to 
triplet 


e same, 


a cases, 
to the 
triplet 
case of 
lied by 
hat the 
r Com- 
f locat- 


1 (1942). 
1941). 
Soc. 22, 











EXCITED TRIPLET STATES 671 


ing the metastable triplet state as well as the upper 
ones. 

After the work for this paper was completed, the 
author learned of the successful application of the flash 
lamp to the study of molecules and radicals of short 
lifetime. This method should be admirably suited to 
exploring the triplet states of molecules. 


EXPERIMENTAL METHOD 


In order to supply the necessary intense cross illumi- 
nation and at the same time have a fairly long absorp- 
tion path, the apparatus shown in Fig. 1 was designed. 
The material to be studied was dissolved in a solvent 
mixture which would form a clear glass on cooling. It 
is necessary to have a solid solution of the substance 
under study because quenching collisions would rapidly 
depopulate the triplet state in a liquid or gas. The 
solvent used was E.P.A.f and the temperature, 77°K. 
The low temperature sharpens the bands somewhat. 
The top half of the quartz Dewar of Fig. 1 is silvered, 
leaving the bottom half transparent to the exciting 
light. The cell is made in two parts. The bottom half is 
quartz and contains the frozen E.P.A. The top half is 
of Pyrex and is evacuated for thermal insulation. The 
two halves fit together with a ground joint. The con- 
tinuous background for absorption is supplied by a 
tungsten strip filament lamp. The light is made parallel 
by a lens, is reflected into the cell by a prism, and passes 
through the Pyrex window, the E.P.A. glass, and the 
quartz window. The path length through the solvent is 
19 cm. The bottom of the Dewar is fitted with plane 
windows. The light is finally deflected into the spectro, 
graph by another prism. A 1 meter grating spectrograph 
with a dispersion of 15.60 A/mm was used. The right 
half of Fig. 1 shows the exciting system. The Dewar 
with cell in the center is at the common focus of the two 
elliptical cylinder reflectors. Discharge tubes 10 inches 
between the ends of the electrodes are at the other foci. 
These tubes contain a drop of mercury and neon gas at 
a pressure of 5 mm, and they emit the mercury 2537A 
resonance line with high intensity; they are patterned 
after those used by Melville.’ 

The solvents for the E.P.A. were carefully purified 
and freed from water. As much as 0.1 percent by weight 
of water in the E.P.A. would cause shattering of the 
solidified solution after freezing it in the cell. In order 
to reduce strains in the solid solution, the freezing was 
carried out slowly. E.P.A. contracts to 78-41 percent 
of its volume at 25°C when frozen to 77°K. By very 
careful manipulation, clear solid solutions with well- 
defined upper and lower boundaries could be obtained. 

In order to measure extinction coefficients, the plate 
holder of the spectrograph was replaced by a photo- 
multiplier tube connected to a galvanometer. The 
optical density was measured in this way for the peaks 

*G. Porter, Proc. Roy. Soc. (London) A200, 2684 (1950). 


t5 parts by volume of diethyl ether, 5 isopentane, 2 alcohol. 
"H. W. Melville, Trans. Faraday Soc. 32, 1525 (1936). 


in the absorption spectrum. Since it is necessary to 
determine the concentration of triplet molecules to 
find the extinction coefficients, measurements of optical 
density had to be made for several values of the exciting 
intensity, as will be explained in later paragraphs. 
The intensity was reduced by a known amount with a 
calibrated screen. The calibration was made under 
conditions of geometry nearly identical to the experi- 
mental ones by filling the cell with uranyl oxalate solu- 
tion and determining the ratio of photochemical change 
with and without the screen. The screen was thus found 
to reduce the intensity by a factor of 4.35. The absolute 
intensity of the lamps was also found in this way. Ap- 
proximately 0.00020 millimole of quanta per second 
was delivered to the cell. 

When performing the photometric measurements, 
it was necessary to eliminate the disturbances in the 
light path caused by liquid nitrogen bubbles. For work 
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Fic. 1. Left: Side view of apparatus with light sources and 
reflectors removed. Right: End view showing light sources and 
reflectors. 





in some spectral regions, a plug of Lucite was inserted 
between the lower window of the cell and the first win- 
dow of the Dewar. Farther into the ultraviolet, the 
Lucite absorbed too much light and the bubbling was 
eliminated by applying pressure to the system while 
readings were taken. 


DETERMINATION OF TRANSITION PROBABILITIES 


In order to make proper identification of observed 
triplet-triplet absorption bands, and to help to relate 
the bands found in one molecule with those of similar 
molecules, the transition probabilities have to be known. 
This necessitates finding the concentration of triplet 
molecules.* An estimate of this concentration is also 
useful in assessing the chances of finding a triplet- 
triplet absorption band. 

8 Lewis, Calvin, and Kasha, J. Chem. Phys. 17, 804 (1949). 


These authors considered this problem, but with less generality 
than is needed here. 














SINGLETS 


Fic. 2. Radiative (full 
lines) and nonradiative 
(dashed lines) transi- 
tions among the energy 
levels of a polyatomic 
molecule in a rigid glass. 
1 and 1’, excitation of 
S1; 3, excitation of 71; 
2, fluorescence; 4, phos- 
phorescence; 5 and 
5’, possible radiation- 
less transitions; 6 and 
6’, a possible mechanism 
of photochemical de- 
composition; 7, a trip- 
let-triplet transition. 



































The differential equations for the number of mole- 
cules in the lowest excited singlet state (,), and in the 
metastable triplet state (,), are 


dN ,/dt=kiN,—k2N.—k3Ns—ksN (1) 
dN ,/dt= k3N.— kuNi- k;'Ni- keN 


where, as in Fig. 2, 


k,=number of quanta absorbed per sec per molecule. 
ke= fluorescence emission probability, in sec™. 
ks= probability of intersystem crossing to triplet state, in sec. 
k,=phosphorescence emission probability, in sec. 
ks, ks’ =radiationless transition probability from lowest singlet or 
triplet to ground state. 
ke=rate of photochemical change, in sec”. 
N,=number of molecules per cm* in ground state. 
N,=number of molecules per cm* in lowest excited singlet state. 
N.=number of molecules per cm* in the lowest triplet state. 


These seven processes are probably all that have to 
be considered. Data for the rates of processes 1-4 are 
fairly extensive (see later) and are easily obtained. The 
remaining processes are not as well understood. A 
measure of their sum can be obtained from quantum 
yield measurements, and a few of these have been made.® 
We can only say from the magnitude of the quantum 
yields that the radiationless processes are important in 
some cases, but cannot take them into account unless 
we make some assumptions. For the purposes of this 
paper, we will neglect the rate of the photochemical 
decomposition, process 6, and assume that only one of 
the other processes, 5 or 5’, occurs in any particular 
molecule. 

Since 5 and 5’ parallel 2 and 4, respectively, we will 
write the steady-state solution of Eq. (1) without 5 or 5’, 
and make proper modifications later. Ignoring 6, we can 
say N=N,+N.4+N,, and, therefore, the steady-state 
solution of 1 is 


N./N=1/(1+ (Ra/ks)+ (Rahs) (Rot s/h) J. (2) 


As can be seen from the next paragraph, the term 
k,/ks in the denominator of (2) will usually be small 
compared to the other terms and will therefore be 
ignored. 

We can now insert the experimental quantities for 


9 Gilmore, Gibson, and McClure (to be published). 
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the rate constants into (2). The natural lifetime of 
fluorescence tr" =1/k2 is known approximately from 
the strength of the absorption band. The mean phos- 
phorescence lifetimes, rp°=1/(katks’) or tp¥=1/hy, 
have been measured,” and the ratio of fluorescence to 
phosphorescence, R, (R=@r/@p, the quantum yield 
ratio) has been measured in some cases® and can be 
found approximately in others. When the only radi tion- 
less process occurring is S;~7,, R=ke/k3. The rate of 
absorption, k;, could be found from the number of 
quanta entering the cell per second, and it is propor- 
tional to this quantity. The absolute value does not 
have to be known, however. Whenever kz and ky ap- 
pear in (2), we must remember that the parallel process, 
5 or 5’ may be included. In either case, we may write 
for the ratio of the triplet state concentration to the 
total concentration, 


c/co=1/(1+P/kitp’), (3) 


where P depends upon whether the radiationless process 
(other than S,;—7)) takes place from the singlet state 
(process 5), from the triplet (5’), or does not occur at 
all. The three values of P corresponding to these three 
cases are, respectively, 


P,=(R+1)/4, P.=(R+1)/(R+1—R®), (4) 
P;=R+1, 


where R is the observed ratio of fluorescence quanta to 
phosphorescence quanta, and @ is the ratio of quanta 
of both kinds emitted to quanta absorbed, i.e., the total 
quantum yield. 

Although not absolutely necessary, it is worth noting 
that &; can be written as follows. Noting that the num- 
ber of molecules excited per second equals the number 
of quanta absorbed per second, we have N,ki= Ad!/ 
hvAdx, where AdI/hy is the number of quanta absorbed 
per second, and Ad is the volume in which it is ab- 
sorbed. Applying Beer’s law to the thin layer, we find 
N,ki=Tlez'c,/hv and ky=Ie,'0.1000/hvL, where L is 
Avogadro’s number, e,’ the extinction coefficient for the 
exciting light (€,’/2.303 is the ordinary molar extinc- 
tion coefficient), c, is the concentration in moles/liter, 
and J is the incident intensity in erg-cm~*-sec. This is 
simplified by writing i for the intensity in millimoles of 
quanta per second: 


ki=e,'1. (5) 


The measured optical density due to the triplet- 
triplet absorption band is given by 


Pt= €:c:d, (6) 


where ¢; is the molar extinction coefficient for the triplet- 
triplet band at a particular frequency, and d is the 19 cm 
distance between the windows in the E.P.A. column. 
Combining this with (3) and (5) we can write 


1/pi= (1/e€cod)(14+ P/ie,’ rp). (7) 
10D. S. McClure, J. Chem. Phys. 17, 905 (1949). 
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Thus it is seen that, regardless of the value of P, and 
knowing only that &; is proportional to 7, one can find 
e; from the intercept of the straight line formed by 
plotting 1/p; against 1/7. This simple relation holds 
only so long as the solutions are dilute and the assump- 
tions mentioned earlier are valid. The next two para- 
graphs deal with deviations from these conditions. 

If photochemical decomposition is not negligible for 
a certain molecule, it is probable that the triplet state 
concentration would be affected more than the concen- 
trations in other states, and for the following reason. 
A plausible mechanism of photolysis in the rigid medium 
is by the absorption of two quanta; one to reach the 
triplet state and another to reach a highly excited state, 
perhaps even the ionized (photo-oxidized) molecule. 
This is shown as processes 6 and 6’ in Fig. 2. In naph- 
thalene, for example, it is possible that the ionization 
energy in the rigid glass is less than the sum of the 
triplet-state energy (2.65 ev), and the excitation energy 
(4.92 ev), a total of 7.57 ev, and in any case, such a 
large amount of energy (175 kcal) could lead to other 
modes of decomposition if properly redistributed. The 
quantum yield of the process would vary with the second 
power of the light intensity in this case, and the linear 
extrapolation of (7) would be incorrect. It can be seen 
that this mode of decomposition would have the effect 
of reducing the apparent rate of change of the triplet- 
state concentration with light intensity when using 
Eq. (7), and thus would lead to high values of the triplet 
state concentration and low extinction coefficients. 

If the solutions are not dilute, 7 in (7) is not constant 
over the radius of the cell, and the measured p; is an 
average of the p; values for the various distances of the 
absorbing material from the perimeter of the cell. The 
corrections necessary to account for this effect are very 
complicated and will not be discussed here. A factor 
which tends to overcome the effect is the great reduction 
in the ground-state concentration near the outer regions 
of the cell where the light is most intense. Thus there is 


TABLE I. Triplet-triplet absorption bands of some 
aromatic compounds. 











Lowest Position of triplet-triplet Excited 
Compound triplet bands, cm™ triplet 
studied cm7! 1st 2nd 3rd cm-! 
Benzene 29,400 none — 
Naphthalene 21,300 24,000 25,460 45,300 
Anthracene 14,700 23,400 38,100 
Phenanthrene 21,600 20,280 21,760 41,880 
12, benzanthracene 16,500 20,450 21,130 21,770 36,950 
Chrysene 19,800 17,120 36,920 
Triphenylene 23,800 23,200 47,000 
1, 2, 5, 6 dibenzan- 18,300 
thracene 18,300 17,100 19,750 20,200 35,400 
Aniline 26,800 none —_ 
Phenol 28,600 none anes 
B-chloro- 21,000 23,770 25,200 44,770 
naphthalene 
8-bromo- 21,100 23,710 44,810 
naphthalene 
enzophenone 24,100 none — 
a-Naphthol 20,500 20,700 21,600 22,000 41,200 








EXCITED TRIPLET STATES 
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Fic. 3. Triplet-triplet absorption spectra. Alternate strips are 
with the exciting light off and on. (a) Naphthalene. (b) 8-chloro- 
naphthalene. (c) Anthracene. (d) Phenanthrene. 


greater penetration than is given by the usual expon- 
tial function, and, of course, at essentially infinite 
light flux, there would be no limitation on the concen- 
trations one could use. 

Another way of determining the triplet state con- 
centration is to measure the depletion of the ground 
state. The depletion is not always great enough to give 
an accurate value for c:;, however, and it is not always 
possible to find an absorption band in a convenient 
spectral region with the right extinction coefficient for 
the fixed cell length. In cases where this method can be 
applied, it would be more satisfactory than the one 
that has been used in this research. 


RESULTS 


In this initial study, wavelengths from 7000A to 
3600A were scanned for triplet-triplet bands. Fourteen 
aromatic compounds were studied and bands of ten 
of them were found. Extinction coefficients were de- 
termined for three. 

Table I gives a list of the compounds studied and 
the bands found and the corresponding energy levels. 
In Fig. 3 are spectrograms showing some of the bands 
discovered. The spectrograms were taken with the 
exciting light alternately off and on. Bands which do 
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Fic. 4. Energy level diagrams of some polynuclear hydrocarbons showing the positions of the excited triplet levels. 
The data for the singlet states are from the paper by Klevens and Platt (reference 11). 


not disappear when the exciting light is turned off are 
caused by photochemical products. If the other bands 
are really triplet-triplet absorption bands, they should 
disappear with the same mean lifetime as the lowest 
triplet state, when the light is turned off. This was 
actually found to be the case. Fluorescence and absorp- 
tion bands appear also, as in the anthracene spectro- 
gram, but are easily recognized. All the bands are very 
diffuse, hence the positions of the maxima given in 
Table I are known only to about 5A. The calibration 
was made by using the stray mercury lines (from the 
exciting source), which can be seen on the spectrograms. 

Figure 4 shows energy level diagrams, with data 
taken from the work of Klevens and Platt," with the 
new triplet levels fitted in. The dashed lines indicate 
the spectral region investigated. It is very unlikely that 
there are any other bands within this range unless their 
intensity is less than 5 percent of the intensity of the 
bands found. 

Table II gives the values found for the extinction 
coefficients at the band maxima of three of the aromatic 
hydrocarbons. The optical density due to triplet- 
triplet absorptions, the concentration of the solution 
used, and the c3/co ratios under typical conditions are 
also given. The value of the molar extinction coefficient 
of the solution at the frequency of the exciting light, e,, 
is listed in the last column. The e, values cannot be 
obtained from solution spectra at ordinary tempera- 
tures, but must be obtained in the rigid glass solutions 


TABLE II. Extinction coefficients for triplet-triplet 
absorption bands. 











émaz, Ist émax, 2nd op, ist €z 
Substance band band band ¢3/co coX104 (2537A) 
Naphthalene 480 +50 215440 0.978 0.78 2.35 2760 
Anthracene 2800 +130 0.223 0.53 0.113 152,000 
Phenanthrene 1560+190 880+80 1.251 0.56 1.08 87,200 








1H. B. Klevens and J. R. Platt, J. Chem. Phys. 17, 470 (1949). 


at 77°K. Most of the higher electronic absorption bands 
of aromatic hydrocarbons (but usually not the lowest 
one) rapidly move toward longer wavelengths when 
the solutions are cooled from room temperature to 
low temperatures. Concentrations measured at room 
temperature are always corrected for the 22 percent 
reduction in the volume of E.P.A. on freezing to 77°K. 
The absorption coefficient measurements must be re- 
garded as tentative. The error given in the table is the 
reproducibility of the measurements (based on two or 
three determinations); but if nonradiative processes 
from the triplet state are very extensive, the values 
given could be several hundred percent too low. There 
is some chance that an error of this magnitude would 
affect the interpretation to be given in the next section. 
The shape of the 1/p vs 1/i curves has not been deter- 
mined since only two points on it were measured; 
determination of this shape is necessary to check on the 
validity of the results presented. 

Unsubstituted aromatic hydrocarbons are especially 
favorable for this study, principally because of their 
long triplet state lifetimes, but also because of their 
favorable R and ¢ values. In B-bromo naphthalene with 
tp’=0.021 sec, barely visible traces of a band at the 
expected position were found, while no band at all was 
observed for benzophenone, 7rp?=0.006 sec. 


DISCUSSION 


In the molecular orbital theory of a molecule in 
which no orbital degeneracies occur, singlet and triplet 
states occur together in pairs and split apart when the 
electronic interaction is applied as a perturbation. In 
the free electron model, the molecular potential field, 
applied as a perturbation, separates the states into 
coinciding singlet-triplet pairs which are then further 
split apart when the electronic interaction is applied 
as a second perturbation: The magnitude of the singlet- 
triplet separation is altered if configuration interaction 
is introduced into molecular orbital theory, and its 
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simple meaning as twice an exchange integral involving 
a pair of molecular orbitals is lost. Since actual calcula- 
tions” indicate that configuration interaction is im- 
portant, the idea that a triplet state is associated with a 
certain singlet in the sense of MO theory loses some of its 
force. It is not possible as yet to assign electronic states 
to any particular symmetry, so this method of charac- 
terization is not useful. If all the triplet-triplet transi- 
tions from the lowest triplet state were known, a de- 
tailed comparison of the singlet manifold with the trip- 
let manifold might be illuminating. The best that can 
be done at present, however, is to use Platt’s free- 
electron model!* to name the new states and to aid in 
finding analogies between the triplet-triplet spectra of 
different molecules. 

If we assume that the spacing of triplet levels will 
turn out to be about the same as the spacing of excited 
singlet levels, it is significant that most of the new 
triplet levels discovered in the polynuclear hydrocarbons 
lie about 7000 cm™ to the red of the !C; levels, as shown 
in Fig. 4 and Table III. (The positions of the singlet 
states in Fig. 4 are those given in reference 11, and in the 
case of many of the higher levels, they are the positions 
of absorption peaks rather than the O—O bands. 
In Table III, an attempt has been made to give the 
O-—O band differences even though this involved a 
little guessing about the position of the O—O band in 
the 'C,—1A absorption curves.) The new triplet levels 
are also about 14,000 cm~ to the red of 'B, levels. The 
'[,—*L, separation is about 10,000 cm™. Since it is 
more likely that singlet-triplet differences decrease 
rather than increase in going toward higher energy, 
the new triplet state is probably best labeled as °C, 
in the five cases where the data are complete enough. 
In another possible assignment, *K,, the corresponding 
singlet state has not been found. This possible assign- 
ment is eliminated though because the extinction coeffi- 
cient data for naphthalene, anthracene, and phen- 
anthrene show that the transition is comparatively 
weak. On the basis of the free electron model, the 
*L,—*C, transition should be weak because AQ=3, 
whereas *Z,—*K, with AQ=1 should be strong. The 
same argument applies to *K,. Higher states such as 
*C, are probably ruled out as being too far from the 
triplet we are trying to classify. 

The appearance of the spectra gives some support to 
the classification. The bands found are on the order of 
150 cm broad. The corresponding solution spectra 
of most of the aromatic hydrocarbons in the short wave 
region show broad, poorly resolved bands in which 
some structure can occasionally be found." The singlet- 
singlet spectra thus resemble the triplet-triplet spectra 


® Parr, Craig, and Ross, J. Chem. Phys. 18, 1561 (1950). 
J. R. Platt, J. Chem. Phys. 17, 484 (1949). 
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TABLE III. Singlet-triplet splitting in some 
aromatic hydrocarbons. 











Substance 1Lo—*La 1Cp —3Co 
Naphthalene 13,300 cm 7200 cm 
Anthracene 11,700 6800 
Phenanthrene 11,400 3120 
1,2 benzanthracene 10,800 6050 
Chrysene 10,400 7580 








in this respect. The interval between the first and second 
bands is 1460 cm~ for naphthalene, 1500 for phen- 
anthrene, and 1200 for dibenzanthracene. These in- 
tervals are on the order of the largest totally symmetric 
carbon-carbon stretching frequencies of these molecules. 
The prominent intervals in the 'C, band of phenanthrene 
are smaller than this. On the other hand, the two peaks 
in the 'C, band of 1,2-benzanthracene are about 700 
cm apart, agreeing closely with the 680 cm~ in the 
triplet-triplet spectrum. 

No triplet-triplet absorption bands were found in 
benzene, although it seems that at least one new state 
must lie in the region investigated. The lowest triplet 
state is definitely a u state, and the triplet-triplet transi- 
tion may therefore be forbidden if the upper triplet is 
to be related to known w-singlets. This is not an ex- 
planation of their nonappearance, however, because no 
bands were found in the closely related molecules 
aniline and phenol, where the u«»x prohibition is 
broken down. It may be that the upper triplet in the 
region studied is a g state, and that unrecognized ex- 
perimental problems account for our failure to find it. 

A great deal of work can be done in this field. In 
order to find low-lying triplets, infrared studies have 
to be made. The same method as used in this paper could 
be used from about 5000 cm~ to the visible. Below 
5000 cm~ the principal restriction is the transparency 
of the rigid glass. The ultraviolet limit of triplet-triplet 
absorption is the first strong singlet-singlet absorption 
band. In some cases the ground state could be suffi- 
ciently depopulated so that this absorption would not 
interfere, and occasionally a window in the singlet 
system would permit the location of a band in the 
triplet system. In addition to the limited wavelength 
range studied, another limitation was to compounds 
having triplet-state lifetimes greater than about 0.1 
sec. This includes only molecules of the aromatic class. 
The triplet state lifetimes of molecules composed of 
elements of group I in the periodic table, can never be 
less than 10~ sec, so that in order to observe excited 
triplet states of the other common organic molecules, 
the intensity of the exciting light must be increased by a 
factor of only 1000. This can easily be accomplished by 
using flash lamps. 
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The microwave spectra of C2"H,O, C"C%H,O, C2"D,0, C.!*H,S*, C.H,S*, and C,"2D,S® have been 
determined. For each isotopic species three moments of inertia are obtained. From the 9 moments of inertia 
for each compound, a set of “effective” bond distances and angles (5 in number) have been selected. These 
“effective” bond distances are all self consistent to 0.002A or better. A brief discussion of the resulting 
structure is given. The dipole moments of C2H,O and C.H,S were determined from the magnitude of the 


Stark splitting. 





HE microwave spectra of a large number of mole- 
cules have been investigated.'~* Most of these 
have been either linear molecules or symmetric tops, 
from whose rotational spectra only one moment of 
inertia can be obtained. The information about rota- 
tional constants which can be derived from the spectra 
of asymmetric tops is much more complete, because 
their spectra depend upon all three moments of inertia. 
In the case of quite asymmetric molecules, slight 
changes in any of the moments of inertia introduce 
enormous changes in the observed spectra. Hence, all 
three of the moments of inertia are precisely determined. 
This is especially pronounced in molecules where the 
dipole moment lies along the axis of the intermediate 
moment of inertia. 

The natural result of the fact that asymmetric-top 
spectra depend upon three moments of inertia is that 
the spectra are more complicated than those of sym- 
metric tops, and identification of the observed transi- 
tions with frequencies calculated from approximate 
molecular dimensions becomes impossible. Even when 
electron diffraction data are available, the complexity 
of the spectrum and its rapid change of pattern with 
small changes in asymmetry make a priori identifica- 
tion impractical, except in the case of nearly symmetric 
tops. The transitions may be identified by their Stark 
effect, as suggested by Golden and Wilson,‘ and de- 
scribed below. 

* From the Doctoral theses of G. L. Cunningham (1950) and 
A. W. Boyd (1950) and the Master of Sciences thesis of W. I. 
Le Van (1948). 

+ Great Western Dow Fellow 1949-50. Present address: 
Department of Chemistry, Louisiana State University, Baton 
Rouge, Louisiana. 

t Present address: Department of Chemistry, University of 
Western Ontario, London, Ontario, Canada. 

§ Present address: Electronics Division, Bell Aircraft Corpora- 
tion, Buffalo, New York. 

1W. Gordy, Revs. Modern Phys. 20, 668 (1948). 

2D. K. Coles, Advances in Electronics (Academic Press Inc., 
New York, 1950), Vol. II, p. 299. 

3 P. Kisliuk and C. H. Townes, J. Research Natl. Bur. Standards 
44, 611 (1950). 

4S. Golden and E. B. Wilson, Jr., J. Chem. Phys. 16, 669 
(1948). 
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The direction of the dipole moment of the molecule 
has a marked effect upon the character of its micro- 
wave spectrum. When, as in the case of ethylene oxide, 
the dipole moment lies along the axis of the intermediate 
moment of inertia, transitions between adjacent energy 
levels are not allowed; and as J increases, the frequen- 
cies of the lowest of the AJ=0 transitions rapidly in- 
creases, causing relatively few lines to fall in the region 
below 50,000 megacycles. When the dipole moment is 
along the axis of the largest or smallest moment of 
inertia, as in ethylene sulfide, transitions between 
adjacent levels are allowed; and for all J values some 
of these levels may lie close enough for transitions to 
fall in the region below 50,000 mc/sec. The only limit 
to the J values of observed transitions with A/=0 is 
the population of the higher J values. In the case of 
ethylene sulfide, transitions involving levels with J =40 
should appear with intensities comparable to the in- 
tensity of absorptions involving low J values. For both 
cases, the only strong transitions with A/=1 increase 
rapidly in frequency as J increases. 

The investigation of ethylene oxide was of particular 
interest in these laboratories, as Giauque and Gordon 
had measured the entropy® and found a serious dis- 
crepancy with that calculated employing moments 
of inertia derived from electron diffraction data. The 
structure of ethylene oxide was also of interest in con- 
nection with the proposals of Walsh® as to the nature 
of the bonding in ethylene oxide and cyclopropane, and 
the calculations of Coulson and Moffitt? on cyclo- 
propane. It was felt also that the structure of the 
analogous molecule, ethylene sulfide, might provide 
further information of value about these compounds. 


EXPERIMENTAL 


The spectrograph used in this investigation employed 
the Stark modulation system of detection suggested by 


5 W. F. Giauque and J. Gordon, J. Am. Chem. Soc. 71, 2176 
(1949). 

6 A. D. Walsh, Nature 159, 165 (1947). 

7C. A. Coulson and W. E. Moffitt, Phil. Mag. 40, 1 (1949). 
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Hughes and Wilson.* Our spectrograph is very similar 
to that described by Sharbaugh,® with the exception 
that our modulating field is a 5-kilocycle square wave. 
This is probably an over-all disadvantage because of the 
higher crystal noise at the lower frequencies. The 5-kilo- 
cycle frequency was selected because of the greater ease 
of producing a good wave form, and because of the 
lowered coupling between the square wave generator, 
the microwave sources, and the signal amplifiers. A 
very narrow band amplifier using a Twin-T network 
and a phase detector with a long time constant (6 sec) 
were used to reduce crystal noise, and the absorptions 
were recorded on a General Electric photoelectric 
recording millivoltmeter. 

The ethylene oxide used was taken directly from a 
cylinder supplied by the Mathieson Company. The 
sample of ethylene oxide was better than 99.5 percent 
pure. As in atomic spectroscopy, traces of foreign 
materials may give relatively strong lines. Since the 
resolving power and accuracy of measurement are very 
high, the chance of confusing an absorption arising 
from an impurity with one due to ethylene oxide is 
exceedingly low, if the transitions all fit assignments 
made on the basis of the three rotational constants. 
The separation of the lines observed is very great, and 
they fit the rigid-rotator energy level pattern very 
closely. Ethylene sulfide was made from ethylene oxide 
by the reaction of aqueous potassium thiocyanate with 
ethylene oxide as described by Meade and Woodward.!° 
The ethylene sulfide formed was purified by fractiona- 
tion. 

Deuterated ethylene oxide was made from C,D,Br2 
by two methods. The C.D,Br2 was prepared by the 
addition of DBr to C,D2 when irradiated with ultra- 
violet light. The C,D2 was prepared from calcium car- 
bide and D,O, and the DBr was prepared by the reac- 
tion of D,O with phosphorus tribromide. Most of the 
measurements of C.D,O were made on a sample pre- 
pared by the reaction of ethylene-d, (obtained by heat- 
ing C,D,Br2 with zinc and water) with HOCI, forming 
ethylene chlorohydrin. The ethylene chlorohydrin was 
heated with KOH, giving ethylene oxide. In addition, 
ethylene oxide was prepared by passing ethylene bro- 
mide over Ag,O. It was found by observation of the 
infrared spectrum with C,D,O prepared in this way 
was contaminated with vifttlyl bromide. However, no 
lines due to vinyl bramide were observed in the micro- 
wave spectra of either C,HyO or C,D,0. Deuterated 
ethylene sulfide was prepafed from the sample of 
C:D,O, which had been prepared by passing C.D,Brz 
over Ag,O. he 





re t H. Hughes and E. B. Wilson, Jr., Phys. Rev. 71, 562 
° A. H. Sharbaugh, Rev. Sci. Hast 21, 120 (1950). 
(1948) M. Meade and F. N. Woolies 


d, J. Chem. Soc. 1948, 1894 


C2:H.O AND C:H4,S MICROWAVE SPECTRA 





SPECTRA OF ETHYLENE OXIDE 


Preliminary reports of the lines observed in C;H,O 
and C2,D,0 have already been published." The 
assignment of the ethylene oxide lines was made on the 
basis of the Stark effect of the four lines in the region 
23,000-25,000 mc/sec. It was found that all were of the 
type AJ=0, and that two had J=3, one J=4, and the 
fourth was probably a J =2 transition. The moments of 
inertia calculated from assumed bond distances were 
sufficient to eliminate most possible transitions when 
J was known, and it was found that there were only 
one probable 4—4 transition and two probable 3—3 
transitions. 

In making assignments, the tables of energy levels 
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Fic. 1. Rough determination of x and (a—c) for C:%H,O", and 
the basis of the assignment of the two known 3—3 lines as 23,610 
mc/sec= 332—321 and 23,134 as 321-330. 


given by King, Hainer, and Cross" are of great value. 
The energies are given by them as functions of a single 
parameter, x. The energy is 


Wr=3(at+c)J(J+1)+3(a—c)E," (x), 


where a, 5, and care the rotational constants (a= h?/2J4, 
etc.) and x=(2b—a—c)/a—c. The parameters most 
convenient for analyzing the spectrum are not the rota- 
tional constants themselves, but the combinations a+c, 
a—c, and x. When A/J=0, it is seen that the difference 


on Le Van, and Gwinn, Phys. Rev. 74, 1537 
s Cunningham, Boyd, Gwinn, and Le Van, J. Chem. Phys. 17, 
211 (1949). 
18 King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943). 
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Fic. 2. Expanded plot of Fig. 1. The intersections of the lines 
with low J values give the value of x and (a—c). 


in energy of the two levels does not depend upon a+c, 
but only upon the two parameters a—c and x. It is 
possible, therefore, to plot for each observed transition 
the value of a—c calculated as a function of x, and 
lines correctly assigned should all intersect at the 
correct values of these two quantities. The graph ob- 
tained is shown in Fig. 1. Since the assignment of the 
two J=3 transitions is not known, each frequency is 
assigned each of the two possible transitions. The 
correct assignment is determined by the intersection of 
these lines with the J=4 line. The assignment of the 
fourth frequency as J=2 is confirmed by this graph. 
This assignment is later confirmed by thé quantitative 
Stark effect measurements which were used to deter- 
mine the dipole moment and the sign of x. 

The frequencies of all transitions with AJ/=0 may 
then be predicted from these values of a—c and x, and 
assignments made for all further observed lines of this 
type. The precise values of a—c and x were determined 
from a large-scale plot of the transitions of low J-value 
as in Fig. 2. Those with higher rotational energy would 
be expected to have their moments of inertia altered 
by centrifugal distortion. Points for the large scale 
graphs of a—c versus x shown in Fig. 2 were calculated 
directly from the continued fraction form of the energy 
matrix given by King, Hainer, and Cross, rather than 
by interpolation in their tables, since a small error may 
be introduced by the interpolation. It is seen in Fig. 2 
that the transitions, even of J/=2 and J=3, do not 
meet precisely at a point, because of centrifugal dis- 


TABLE I. Values of a—c, a+-c, x, and moments of inertia. 








a+c 39,581.7+0.2 mc/sec 
a—c 11,385.7+0.5 mc/sec 
x 0.40930-+-0.00005 


a  25,483.7+0.6 mc/sec 
b =. 22,120.9+-0.6 mc/sec 
c¢  14,098.0+0.6 mc/sec 


Ig=19.834 At. wt. (A)?=32.919X10-* g cm? 
Ip=22.849 At. wt. (A)?=37.923X10- g cm? 
I,=35.852 At. wt. (A)?=59.504X10-* g cm? 


MYERS, GWINN, AND LE VAN 








TABLE II. Microwave absorptions of C2H,O. 











Difference 
(a—c)/2 if from 
Transition Frequency «x =0.40932 5692.9 
Ooo— 11 39,581.8(+0.1) mc/sec 7a4 coe 
2o2e—21. 24,923.66(+0.03) mc/sec 5692.7 mc/sec —0O.2 
2i2e—2e, 34,157.1(+0.5) mc/sec 5692.9 mc/sec 0.0 
312—32,  23,610.38(+0.03) mc/sec 5692.5 mc/sec —0.4 
321-330 +=: 23,134.21(4+0.03) mc/sec 5692.7 mc/sec —0.2 
322-331 39,680(-+-1) mc/sec 5692.6 mc/sec —0.4 
4:13—402  41,581(+1) mc/sec 5692.5 mc/sec —0.4 
4e0—43;  24,834.26(+0.03) mc/sec 5692.2 mc/sec —0.7 
431-449 34,148.3(+0.5) mc/sec 5692.4 mc/sec —0.5 
5e3—532 37,781(+1) mc/sec 5692.0 mc/sec —0.9 
532—541 29,688(+1) mc/sec 5692.0 mc/sec —0.9 
633—642 35,791(+1) mc/sec 5691.6 mc/sec —1.3 
642—651 38,702(+1) mc/sec 5691.2 mc/sec —1.7 
az—752 37,329(+1) mc/sec 5690.7 mc/sec —2.2 
853—862  43,398(+1) mc/sec 5689.6 mc/sec —3.3 








tortion. The value of the transition 2;2.—2,; is indepen- 
dent of x, and it was felt advisable to take (a—c) as 
equal to 11,385.7 mc/sec, the value obtained from this 
frequency. The value of x from the 292.—211 and 332—3,) 
transitions is 0.40932, while the 32:—339 and 3).—3 
transitions give 0.40930. All J=2 and J=3 lines fall 
within (a—c)=11,385.7+0.5 mc/sec and «=0.40930 
+0.00005. Since E,/ (x)= — E_,7(—x), it is impossible to 
determine the sign of x from the frequencies of the 
AJ =0 lines. x was originally determined to be positive, 
from a quantitative measurement of the Stark effect 
of the 292—21: line. It would also be possible to rule out 
the negative value of x, because it would lead to an 
unreasonable structure of the molecule. 

In order to determine a+c, a transition with A/=1 
must be observed. The lowest such transition is 0o0— 1, 
which is equal to a+c. This transition was observed at 
39,581.7 mc/sec and identified by its Stark effect. The 
values of a—c, a+c, x, and the moments of inertia 
are given in Table I. All the transitions assigned for 
C2H,O are listed in Table II. All frequencies have been 
remeasured since original publication of the data. The 
four transitions given to +0.03 mc/sec were measured 
in a 60-ft coiled wave guide cell without Stark modula- 
tion. 


TABLE III. Spectrum of C.D,0. 











Difference 

(a—c)/2 if from 

Transition Frequency « = —0.11615 4427.5 
Ooo— ln 31,943 mc/sec sige non 
2i12— 221 26,565 mc/sec 4427.5 mc/sec 0.0 
303— 312 24,055 mc/sec 4427.9 mc/sec 0.4 
313— 322 33,285 mc/sec 4427.9 mc/sec 0.4 
22— 331 35,341 mc/sec 4427.7 mc/sec 0.2 
21— 330 29,080 mc/sec 4427.9 mc/sec 0.4 
13— 422 21,664 mc/sec , 4427.8 mc/sec 0.3 
514— 523 31,280 mc/sec 4427.7 mc/sec 0.2 
S23— 532 24,668 mc/sec 4427.7 mc/sec 0.2 
532— 541 39,592 mc/sec 4427.7 mc/sec 0.2 
624— 633 28,495 mc/sec 4427.5 mc/sec 0.0 
633— 642 34,680 mc/sec 4427.6 mc/sec 0.1 
34a— 743 32,296 mc/sec 4427.7 mc/sec 0.2 
835— 844 35,068 mc/sec 4427.1 mc/sec —0.4 
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TABLE IV. Moments of inertia of C2D,0. 








a+c=31,943(+1) mc/sec 

a—c=8855(+1) mc/sec 
«= —0.11615(+0.0001) 
a= 20,399(+0.7) mc/sec 
b=15,457(+0.7) mc/sec 
c= 11,544(+0.7) mc/sec 


Moments of inertia 





At. wt. (A)? units cgs units 
Iq 24.778 41.125X10-* g cm? 
Iy 32.700 54.273 X 10° g cm? 
I. 43.784 72.670X 10- g cm? 








The transitions of C.D,O were identified in a similar 
manner and are listed in Table III. Figure 3 shows the 
large-scale plot of a—c versus x. The quantity a—c was 
taken as 8855.0+1.0, and « as —0.11615+0.0001. 
The basis for the decision between a positive or nega- 
tive value of x is given in reference 13. 

The values of a, 6, and c, and the moments of inertia 
are given in Table IV. 

Numerous weak lines were observed in a careful 
search of the region from 22,000 to 25,000 mc/sec. 
These are due to molecules of ethylene oxide in excited 
vibrational states, and to isotopic molecules. The mo- 
ments of inertia of the molecule containing one atom 
of C8 were predicted from the preliminary bond dis- 
tances obtained from C;D,O—C,H,0O. From the transi- 
tions calculated in this way, it was possible to assign 
the transitions observed due to the C® isotope. The 
weak lines observed are summarized in Table V, and the 
plot of (a—c) versus x for C°CH,O is shown in Fig. 4. 
The very close resemblance of Fig. 4 to Fig. 2 should be 
noted. This is a good verification that the failure of the 
lines to meet at a point is indeed due to centrifugal 
distortion, which would be very similar in C"CH,O 
and C.H,O and is not due to experimental error. The 
assignment of 292—211, which had another weak line 
within 9 mc, is fairly certain from the graph alone, but 








i. 





-O.N7 
Fic. 3. Plot of (a—c) vs x for C2"*D,O (see Fig. 2). 


is confirmed by its Stark effect, which is negative, like 
that of the 292—21 line of C.H,O. The moments of 
inertia of C'°CH,O are given in Table VI. 

The dipole moment of ethylene oxide was determined 
by a measurement of the Stark coefficients of the Oo0— 111 
and 2 2—21 lines. These data are summarized in 
Table VII. The spacing of the Stark cell was determined 
by measuring the Stark coefficients of-carbony] sulfide. 
Our value is then given as 1.88++0.01X 10-8 esu, rela- 
tive to O'%C"S®, with a dipole moment of 0.7085 
+0.004X 10—'* esu in the /=1—2 transition as given 
by Shulman and Townes." 

The value of 1.88 is the same as the radiofrequency 
value of 1.88X10-'* esu as determined by Stuart." 
The computation of the dipole moments from the 
Stark coefficients was carried out by the methods of 
Golden and Wilson,‘ and Cross, Hainer, and King." 


STRUCTURE OF C:H,0 


The structure of C,H,O is determined by five param- 
eters, and may be calculated from the moments of 
inertia of any pair of isotopic molecules. The height 
of the hydrogen atoms above the plane of the C-O—C 
ring may be calculated directly for any molecule from 


TABLE V. Weaker lines in ethylene oxide. 











Frequency Strength Assignment Frequency Strength Assignment 
21,692(+2) m.s 24,352.2(+0.3) m.w. C82 oe— 211 
22,097(+5) m.w 24,361.0(+0.3) m. 
22,303(+5) m. 24,395.8(+0.3) s. 
22,340(?)(+5) w. 24,667 .9(+0.3) Ss. C8321— 330 
22,695(+5) m. 24,870(+1) s. 
23,278.5(+0.3) s. C83 ;2— 321 25,002.2(+0.3) m. 
23,341.4(+0.3) w. 25,210.8(+0.3) m. 
23,412.0(+0.3) m.w. 25,246.8(+0.3) Ss. C3400— 434 
23,432.6(+0.3) w. 28,751.0(+0.3) m. 
23,454.6(-+0.3) m.s. 34,398.0(++0.4) w. C212— 201 
23,561.1(+0.3) s. 34,407.9(+0.2) m.s. 
23,743.5(+0.3) m. 39,116.4(+0.5) m. C®0o0— Li 
23,788.8(+0.3) m. 39,462(+3) s. 
23,818.0(+0.3) m. 
23,839.3(+0.3) w. 











™R. G. Shulman and C. H. Townes, Phys. Rev. 77, 500 (1950). 
16H. A. Stuart, Z. Physik 51, 490 (1928). 
6 Cross, Hainer, and King, J. Chem. Phys. 12, 210 (1944). 
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Fic. 4. Plot of (a—c) vs x for C%C%H,O (see Fig. 2). 


the difference between the sum of the two smaller 
moments of inertia, and the third. This height for 
C.H,O is 0.9203, for C2D,0 is 0.9217, and for C°CH,O 
is 0.9202. The discrepancy is due principally to the 
neglected interaction of vibration and rotation. The 
moments of inertia obtained from microwave spectra 
are not those of the equilibrium configuration of the 
nuclei, but are “effective” moments which fit the 
rotation spectrum and would be the moments of 
inertia of a rigid molecule exhibiting this spectrum. 
This difficulty has been discussed by Townes, Holden, 
and Merritt"’ in connection with the microwave spectra 
of linear molecules. 

The other four structural parameters may be calcu- 
lated from the moments of inertia of C2H,O and C,D,0, 
using the following equations: 


Ip—4M yyu?= 2M .(3dc_c)*+4M u($dce_ct«u)* 
and 
Ta—4M pyn?= 2M. .(2-)?+4M u(2n+2-)?—M (29), 


where dc_c is the C—C distance, xy is the projection of 
the C—H bond on the x-axis (parallel to the C—C 
bond), yx is the projection of the C—H bond on the 
y-axis (perpendicular to the plane of the C-O—C 
ring), z. is the height of the C—O—C triangle, and 
Zu is the projection of the C—H bond on the z-axis. 
Each moment of inertia is a function of two parameters. 


TABLE VI. Moments of inertia of C%CH,O. 








(a+c) =39,116.4(+0.5) mc/sec 
(a—c) = 11,466(+1) mc/sec 
«=0.3557(+0.0001) 
a= 25,291.2(+0.5) mc/sec 
b= 21,597.4(+0.5) mc/sec 
¢=13,825.2(+0.5) mc/sec 


Moments of inertia of C¥C#H,O'* 





At. wt. (A)? units cgs units 
Iq 19,985 33.170 10-* g cm? 
I, 23,403 38.843 X 10-*° g cm? 
I, 36,560 60.679 X 10~*° g cm? 








17 Townes, Holden, and Merritt, Phys, Rev. 74, 1113 (1948). 


TABLE VII. Stark effect and dipole moment for C;!#H,0", 








Av/E? 
mc/sec-cm?/(prac. » X1016 
volt)? 





Transition Frequency M esu 
Ooo Li 39581.7 0 12.02 K10-* 1.891 
2o2— 211 24923.66 1 1.805 x 10-* 1.894 

2 2.824 10-* 1.86 








In Fig. 5 the values of xq for each isotope are plotted 
against the corresponding values of dc_c, which give 
the correct moments of inertia. Their intersection gives 
the structural parameters which are consistent with 
both molecular species. A similar plot for zy and 2, is 
given in Fig. 6. 

The calculation of the moments of inertia of C’C"H,O 
is somewhat complicated, because the principal axes of 
the molecule are rotated from our coordinate axes. 
Using the structural parameters found above, this 
angle of rotation (6) was found to be 5°12’. The mo- 
ments of inertia about the x and y axes could then be 
computed by the following: 


I,=I, cos’?6+I, sin?0=I,+ (Ia—In) sin’6, 
I,=I, cos’0+-I, sin?@= I,—(Ia—TI») sin’6, 
or 
I,=23.403—0.028= 23.375 at. wt. (A)? 
y= 19.985+-0.028= 20.013 at. wt. (A). 


The angle 6 changes slightly as the parameters are 
varied through the range covered in Figs. 5 and 6. 
A second approximation was made in which a correction 
for the variation of @ was introduced. This correction 
was found to be negligible. 

This value of J, depends only on dc_c and xq, and a 
curve for C®CH,O may be plotted in Fig. 5. Likewise, 
I, depends only on zy and z,, and a similar curve is 
plotted in Fig. 6. The best effective interatomic dis- 
tances would be obtained by a compromise between the 
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Fic. 5. Plot of the values of xg and de_c/2 which are consistent 
with the determined moments of inertia. The intersections of the 
various lines give the structural parameters for ethylene oxide. 
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three intersections of the 3 curves in Figs. 5 and 6. 
In both Figs. 5 and 6 the two curves for C,"*H,O" and 
C"C%H,O" are practically parallel and coincident. 
The structure of ethylene oxide is given in Table VIII. 
The distances are given as the effective interatomic 
distances of the molecule in the ground vibrational 
state. The equilibrium distances differ from the effec- 
tive distances by an unknown amount, which may be 
as much as 0.01A. 

The values of 1.472A for the C—C distance and 
1.436A for the C—O distance deviate from the values 
obtained by the rather early work in electron diffraction. 
Ackermann and Mayer" give the values of 1.56+0.05A 
and 1.42+0.05A respectively, while Wierl'® gives 
1.49+0.10A for both of these distances. The use of the 
moments of inertia obtained from microwave spectro- 
scopy removes most of the discrepancy in the entropy 
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Fic. 6. Plot of Z. vs Zq for ethylene oxide (see Fig. 5). 








of ethylene oxide (see reference 5). The remaining 
discrepancy, which is only of the order of magnitude of 
the experimental error, can be removed by a revision of 
the vibrational spectrum of ethylene oxide. This re- 
vision was made on the basis of the data obtained in 
this laboratory on the infrared and Raman spectra. 
However, additional experimental data are needed 
before this assignment is sufficiently well established to 
warrant publication. 


SPECTRA OF C.H,S 


In ethylene sulfide the dipole moment lies along the 
axis of the least moment of inertia. This makes the 
microwave spectra of ethylene sulfide very different 
from that of ethylene oxide. Transitions are allowed 





(1935) G. Ackermann and J. E. Mayer, J. Chem. Phys. 4, 377 
R. Wierl, Ann. Physik 13, 453 (1932). 


TABLE VIII. Structure of ethylene oxide. 








C—C distance 1.472 
C—O distance 1.436 
C—H distance 1.082 
H—C-—H angle 116°41’ 
H.2C—C angle 159°25’ 
derived 
C—O—C angle 61°24’ 
4H.CC—4H2CO 7°40’ 








between adjacent energy levels. As a result, many 
transitions with large J values were found. The fre- 
quencies of the absorptions were also less sensitive to 
the moments of inertia. It was then practical to predict 
the frequencies of the transitions using structural data 
obtained from electron diffraction. 

The only available electron diffraction data are those 
of H. A. Levy, which are quoted in the form of moments 
of inertia, in a paper by Eyster.” On the basis of these 
moments of inertia the microwave spectrum of ethylene 
sulfide was predicted. It was felt that these predicted 
frequencies would be within +2000 mc/sec for lines of 
low J values. 

Observation of the spectrum showed that our predic- 
tion was of little value in making the original assign- 
ment. Lines were observed every 50 to 100 mc/sec. 
Most of them were due to AJ=0 transitions, with high 
J values. A search for a line whose Stark components 
could be resolved was then undertaken. A line was 
finally found which split into 5 Stark components. The 
relative splittings and intensities were such as to indi- 
cate a AJ=0 line with J=5, 6, or 7, probably 6. Later 
two lines were found, one with 3 Stark components 
and the other with 7 or 8 components. After a few trials 
it was found that the only assignment for the three lines 
which gave consistent values of (a—c) and x was 
621—625, 413—414, and 93.—937 respectively. Further 
confirmation of this assignment is given by the observa- 
tion of the other AJ=0 lines listed in Table IX. 

During the search for the AJ =0 lines a line was found 
which could be resolved into two Stark components, 
one positive and the other negative. From a quantita- 
tive measure of the Stark effect, this line was positively 


TABLE IX. Microwave absorptions of C2!#H,S*®. 











Observed Calculated* 4(a —c) if 

Transition frequency frequency «x = —0,5988 
Ooo— 101 18,851.4 18,851.2 

1:1:—212 34,903.6 34,903.8 

ly 2u1 40,500.5 40,501.0 tee 
312—313 16,742.4 tee 6976.0 
der es 27,648.4 i 6975.8 
514-515 40,672.5 tee 6975.4 
624— 625 22,976.4 tee 6976.5 

25— / 26 35,515.3 ee 6975.7 

936—937 26,973.2 see 6975.1 
1037— 103 40,865.1 tee 6974.2 
Sa Tles 17,716.8 vee 6973.2 








® Calculated using b = 10824.9 mc/sec and c =8026.3 mc/sec. 
20 E, Eyster, J. Chem. Phys. 6, 576 (1938). 
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Fic. 7. Plot of a—c vs x for C2"H,S® (see Fig. 2). 


identified as the 11:0— 21; transition. From the frequency 
of the 119—21; line, the value of (a+c) could be de- 
termined. This value, along with the values of (a—c) 
and «x found above, permitted the prediction of the fre- 
quencies of the other A/=1 lines. These lines were 
found as predicted, and a quantitative measure of the 
Stark effect was made. Although the Stark effect 
measurements were made to determine the dipole mo- 
ment of the molecule, they also add additional verifica- 
tion to the assignment of both the AJ =O and AJ = 1 lines. 

The eleven assigned transitions of C,”"H,S®* are 
summarized in Table [X. Unassigned lines are listed in 
Appendix A. A graph of (a—c) versus « is given in Fig. 7. 
It is always desirable to seclect the values of the rota- 
tional parameter from transitions of low J values, since 
they are least affected by centrifugal stretching. How- 
ever, the curves for the five lowest transitions in Fig. 7 
all coincide, and to determine «x it is necessary to use 
the 624—6y;5 lines and higher transitions. 

The frequencies of the three AJ=1 lines are b+c, 
3b+c, and b+-3c, for the Ooo— 101, 1io— 211, and 11:—212 
lines, respectively. From these lines it is possible to 
calculate accurate values of 6 and c. They are 10,824.6 
+0.3 mc/sec and 8026.80.3 mc/sec, respectively. If 
x is taken to be 0.5988+-0.0001, as given by the crossing 
of any of the curves in Fig. 7, the value of a is 21974+4 


TABLE X. Microwave absorptions of C2"D,S®. 











Observed Calculated* (a —c) if 

Transition frequency frequency « = —0.45015 
111-212 29,654.6 29,654.6 

loi— 2o2 31,474.8 31,475.1 

Lie 211 34,412.0 34,412.1 - 
4is— 4g 23,214.3 see 4326.1 
Suu 55 33,541.5 4326.0 
624— 625 23,016.3 4325.9 
To5— 726 33,942.5 4326.5 








* Calculated using (a+c) =22,290 mc/sec, (a —c) =8652.0 mc/sec and 
« =0.45015. 
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Fic. 8. Plot of a—c vs x for C2"*D,S® (see Fig. 2). 


mc/sec. This uncertainty is too small to adversely ef- 
fect the calculation of the structure of ethylene sulfide. 

The absorption lines in the microwave spectrum of 
C,"D,S®” were identified in the same manner as the 
transitions for C;!*H,S*. In the spectra of both com- 
pounds a large number of lines were found whose Stark 
components could not be resolved, and whose assign- 
ment could not be given. A list of these lines is given in 
Appendix A. The transition Oo9—1 1 is at a frequency 
below the range of our klystrons, and therefore it could 
not be measured. The AJ=0 lines above J=7 were not 
measured, as they do not aid in the determining of the 
moments of inertia. The frequencies of the rotational 
transitions in the spectrum of C,'*D,S® are given in 
Table X. A plot of (a—c) versus « is given in Fig. 8. 
Again the values of b and c may be determined with high 
accuracy, while the value of a is subject to higher un- 
certainties. 

The abundance of C,'*H,S* in normal ethylene sul- 
fide is 4.2 percent, and weak microwave absorptions of 
this isotopic molecule would be expected. A tentative 
structure of ethylene sulfide was determined from the 
moments of inertia of C,"H,S® and C,!D,S®*. The 
moments of inertia of C2H,S* were calculated, and the 
microwave spectrum was predicted. All of these lines 
were found to be within a few mc/sec of the frequencies 
so predicted. The Stark components of the 119— 21: line 


TABLE XI. Microwave absorptions of C:"H,S*. 





—— 








Observed Calculated* 3(a —c) if 

Transition frequency frequency « = —0.62045 
Ooo— lor 18,425.8 18,425.7 

Sear Des 34,174.7 34,175.1 

lio 211 39,527.9 39,527.7 eS" 
413— 414 26,477.7 see 7051.1 
S14— 515 39,034.6 tee 7050.7 
624— 625 21,245.8 see 7051.3 
ta Tes 33,091.8 oes 7050.7 








* Calculated using 6 =10,551.0 and c =7874.7. 
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Fic. 9. Plot of a—c vs x for C2H,S* (see Fig. 2). 


were resolved; and although the other lines were too 
weak to permit the resolution of their Stark components, 
satisfactory verification of their assignment is given by 
the good agreement between the measured frequencies 
of the seven lines and the calculated frequencies which 
were calculated from three rotational parameters. 

The assigned transitions of C,!"H,S* are given in 
Table XI. The plot of (a—c) vs x is given in Fig. 9. 
Again the values of b and c are accurately determined, 
whereas the value of a is subject to somewhat larger 
uncertainties. 

The data in Tables IX, X, and XI may be used to 
calculate a, 6, and c, and the corresponding moments of 
inertia. These data are summarized in Table XII. 

The dipole moment of ethylene sulfide was measured 
in the same manner as that of ethylene oxide. The values 
given are relative to 0.7085+0.004X10-'* esu for 
carbonyl sulfide (see reference 14). The data are sum- 
marized in Table XIII. The value selected was 1.84 
+0.02X 10-"8 esu. 


STRUCTURE OF ETYHLENE SULFIDE 


The structure of ethylene sulfide was calculated from 
the nine moments of inertia given in Table XII. The 
five structural parameters were calculated in the same 
manner as was ethylene oxide. The heights of the 
hydrogen atoms above the plane of the C—C—O ring, 
calculated from C2"H,S®, C,'*H,S*, and C;D,S*, are 
0.9129A, 0.9129A, and 0.9153A, respectively. A plot of 
3dc_c versus xy (projection of C—H on the x axis) 
is given in Fig. 10, and a plot of zc (height of the 


TABLE XII. Rotational constants and moments of inertia 
of ethylene sulfide. 








C2!2H «S82 C2!2D4S#2 C2!2H«S# 
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TABLE XIII. Stark effect and dipole moment 











data for C2"H,S®. 
Av/E? 
mc/sec-cm?/(prac. p X10-18 

Transition Frequency M volt)? esu 
Ooo— 101 18,851.4 0 24.10 K10-* 1.835 
ly 2 40,500.5 0 5.296X 10-* 1.851 
1 — 69.30 «10% 1.827 
111-212 34,903.6 = 6.026 10-* 1.833 
1 77.17 107% 1.827 











21974+4 mc/sec 
10551.0+0.2 mc/sec 
7874.7 +0.2 mc/sec 
38.177 X10~* g cm? 
79.509 X10~* ¢ cm? 
106.531 X10~-* g cm? 


15471+3 mc/sec 
9197.6 +0.2 mc/sec 
6819.0 +0.2 mc/sec 
54.224 K10~* g cm? 
91.209 K10~* g cm? 
123.024 X10-“ g cm? 


21974+4 mc/sec 
10824.9 +0.2 mc/sec 
c 8026.3 +0.2 mc/sec 
Ie 38.177 X107* g cm? 
Ib 77.497 X10 g cm? 
Te 104.519 X107# g cm? 
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C—C—O triangle) versus zy (the projection of C—H 
on the z axis) is given in Fig. 11. 

The values selected are indicated on the graph. 
These values are combined to give the structure of 
ethylene sulfide given in Table XIV. Again it should 
be pointed out that these values are the effective inter- 
atomic distances of the molecule in the ground state, 
and that the uncertainties given represent how precisely 
these effective interatomic distances may be given for 
the three molecular species. The equilibrium distance 
would be expected to differ from these distances by 
some small amount, probably not more than one or 
two hundredths of an angstrom unit. ° 

The physical constants of Dumond and Cohen” 
have been used throughout this work. The masses used 
were: my= 1.008130, mc12= 12.00382, mg32= 31.98089, 
Mp = 2.014708, mc13= 13.007581, and ms34=33.97710. 


DISCUSSION 


There are several interesting aspects of the structure 
of ethylene oxide and ethylene sulfide to be noted. 
First, there is considerable resemblance to the structure 
of ethylene. That is, the HCH angle (116°) is inter- 
mediate between the tetrahedral angle and the angle 
of 120° found in ethylene; the C—C distance (1.467A) 
is intermediate between the value for the C—C single 
bond (1.55A), and the value for the C—C double bond 
in ethylene (1.35A); and the HCH plane does not 
bisect the C—C—O (or C—C-—S) angle, but instead 
makes an angle of about 9° with the bisector (tending 
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Fic. 10. Plot of xg vs d-_./2 for ethylene sulfide (see Fig. 5). 


21 J. W. M. Dumond and E. R. Cohen, Revs. Modern Phys. 21, 
651 (1949). 
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Fic. 11, Plot of Z. vs Zu for ethylene sulfide (see Fig. 5). 


toward the planar ethylene structure). It should be 
pointed out that the force constants” for the C—C bond 
resemble that of a C—C single bond and not that of 
ethylene. 

It is very likely that the C—H bonds are pure o-bonds 
(local symmetry). If this assumption is made, it is then 
possible to determine the hybridization ratio of the 
C—H bond from the H—C—H angle. It is found to be 
Sp’ and Sp?’ for ethylene oxide and ethylene sulfide, 
respectively. As has been pointed out by several 
authors*~** in the past few years, there is a decrease of 
the C—H distance, an increase in the C—H stretching 
force constant, and an increase in the C—H bond 
energy, as the S character of the bond is increased.”* The 
C—H force constant and C—H length are plotted 
against the S character of the bond in Fig. 12. The data 
from ethylene oxide and ethylene sulfide fit in very 
nicely with this correlation. 

The other aspects of the structure of ethylene oxide 
and ethylene sulfide are easily explained by two differ- 
ent approaches, which are similar in some respects and 
different in others. 

Coulson and Moffitt!’ have: recently calculated the 
bonding in cycloparaffins, in a semiquantitative fashion 
using a bond-orbital or pure valence state (PVS) 
approach. The method used was to vary the degree 


TABLE XIV. Effective bond distances and bond 
angles in ethylene sulfide. 








C—C distance 1.492A 
C-—S distance 1.819A 
C—H distance 1.078A 
H—C—H angle 116°00’ 
H:C—C angle 151°43’ 
derived 
C—S—C angle 65°48’ 
4H,CC—4H2CO 4°37’ 








2G. L. Cunningham, Ph.D. thesis, University of California 
(1950) (includes new infrared and Raman data and normal co- 
ordinate analysis for ethylene oxide). 

*% C. A. Coulson, V. Henri Mem. Vol. (Liege, 1948). 

* A. D. Walsh, Faraday Soc. Disc. 2, 18 (1947). 

#6 Allan Maccoll, Trans. Faraday Soc. 46, 369 (1950). 

* We are indebted to Dr. A. D. Walsh, who initially suggested 
that this be applied to ethylene oxide and ethylene sulfide. 
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of hybridization of the orbitals to obtain a minimum 
energy. The result is a hybridization in which the bond 
orbitals are not tetrahedral, and the bond orbitals in 
the ring do not point along the internuclear lines. 

In cyclopropane, the minimum in the energy occurs 
at an H—C—H angle of 116°, which is in agreement 
with the structural data from electron diffraction.” 
Since the local symmetry of the carbon atom is C,,, 
the angle between the two orbitals in the ring would be 
104°. This would leave an angle of 22° between the 
carbon orbitals and the line connecting two carbon 
atoms. This corresponds rather closely to strain in the 
classical sense. Coulson and Moffitt also point out that 
the distance along the arc, tangent to the two carbon 
orbitals, would have a better relation to the usual C—C 
bond distance than the C—C internuclear distance, 
If the C—C distance in cyclopropane is 1.51A,*° the dis- 
tance along the arc is 1.55A, which is in good agreement 
with the usual C—C single bond distance. 

The above may be applied to ethylene oxide and 
tehylene sulfide, if the assumption is made that the 
carbon atoms are again in a C2, hybridization field 


© C-H® radical (p bonding?) 











O CH,? ; 

© CH,-CH, 6 

@ C.H,O? and C,H,S? od 
@ H.C-CH,° 

@ H-C7C-H* don '- 
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Soy, 0 —| 5.0 
dey 
~~, 
4.0 
t-) 
A 
p SP’ SP* SP 
1.008 leevteneuel 
0 OLS 0.50 


Fic. 12. Correlation of the C—H distance and C—H stretching 
force constants with the S character of the C—H bond. The follow- 
ing references are to the * and » in the legend of the cut: 

® G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand Company, 


Inc., 1945), pp. 192-194. See also L. Smith J. Chem. Phys. 17, 139 (1949). 
b Reference 22 and J. W. Linnett, Nature 160, 162 (1947), and this paper. 


27 “4 Bastiansen and O. Hassel, Tidssr. Kemi. Bergv. Met. 6, 71 
1946). 
( 037 Pauling and L. O. Brockway, Am. Chem. Soc. 59, 1223 
1937). 

29 Donohue, Humphrey, and Schomaker, J. Am. Chem. Soc. 
67, 332 (1945). ; 

30 The C—C distance of 1.51A was assumed as a compromise 
between the various electron diffraction researches on cyclo- 
propane and spiropentane. For cyclopropane Bastiansen and 
Hassel (reference 27) give 1.535A, and Pauling and Brockway 
(reference 28) give 1.525+0.03A. In spiropentane Donohue, 
Humphrey, and Schomaker (reference 29) give the peripheral and 
central C—C distances as 1.51+0.04A and 1.48+0.03A, respec- 
tively; and the average as 1.49+0.01A. The C—C distance in 
cyclopropane would be expected to be intermediate between 
these two C—C bond distances. 
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(i.e., the carbon orbital in the C—C bond is equivalent 
to the carbon orbital in the C—O bond). If this assump- 
tion is made, the angle between the two carbon orbitals 
is again 104°, since in all three compounds the H—C—H 
angle is approximately 116°. Using the experimental 
value of the H,—C—C angle in ethylene oxide, we 
find an angle of 31° between the carbon orbital and the 
line connecting the two carbon orbitals. In ethylene 
oxide the C—C distance is 1.467A, and the distance 
along the arc, tangent to the two carbon orbitals, is 
1.54A, which again is an agreement with the normal 
C—C single-bond distance. Likewise, the angle between 
the other carbon orbital and the C—O line is 14°, which 
is the same as the angle between the oxygen orbital and 
the C—O line, if oxygen is assumed to use p” bonding. 
The C—O distance is 1.436A, and the length along the 
arc is 1.45A. Both of these are in good agreement with 
the normal C—O single-bond distance. In ethylene 
sulfide the C—S distance is longer than the C—O 
distance in ethylene oxide, and the C—C—S angle is 
larger than the C—C—O angle. As a consequence, one 
would expect two things: a decreased H,—C—C 
angle, and an increased C—C distance. The H2—-C—C 
angle in ethylene sulfide is 7° less than that in ethylene 
oxide, and the C—C distance is 1.492A as compared 
to 1.467A as found in ethylene oxide. In ethylene sulfide, 
the angle between the carbon orbitals and the C—C 
line is 22°, and the distance along the arc, tangent to 
these orbitals, is 1.54A, which again compares favorably 
with the normal C—C single bond distance. The angle 
between the other carbon orbital and the C—S line is 
14°, and if the sulfur atom is assumed to have #* 
hybridization, the angle between the sulfur orbital and 
the C—S line is 21°. While it is not necessary that these 
two angles in the C—S bond be equal, the presence of 
the different angles makes it impossible to calculate an 
arc length tangent to both. 

While the above arguments agree, in most instances, 
with our intuitive thinking, they do leave us a bit 
unsatisfied, in that the C—C distances seem a bit too 
short to be explained by bent single bonds. It is felt 
that an explanation which involves some multiple bond 
character might be more satisfying. In search for a 
different approach we have made an oversimplified 
molecular orbital treatment of ethylene oxide.*! While 
this treatment is vastly oversimplified, it does probably 
indicate the general form of the electron densities and 
the general nature of the bonding. It indicates a bond 
order of approximately 1.4 for the C—C bond and a 
bond order of 1.0 for the C—O bond. Both are in 
qualitative agreement with the observed C—C and 
C—O distances. It also indicates that the main electron 





| The C—H bonds were ignored. The geometrical structure of 
ethylene oxide was used. The 1-electron molecular orbitals were 
obtained, and 6 electrons were placed in the lowest 3 orbitals. 
The elements of the energy matrix were obtained by approxi- 
mating them from the ionization energies and overlap integrals o 
Mulliken, Rieke, Orloff, and Orloff, J. Chem. Phys. 17, 1248 
(1949). The energy matrix was diagonalized and the molecular 
orbitals were obtained in the usual manner. ; 
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densities are in the same regions of space as would be 
predicted by the “‘pure valence state” treatment above. 
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APPENDIX A 


LIST OF ALL ABSORPTION LINES OBSERVED 
IN ETHYLENE SULFIDE 








Frequency mc Intensity* Frequency mc Intensity* 





16,059.640.5 S. 24,183.0-0.2 W. 
16,161.8-+0.5 S. 24'190.0-+10 W. 
b 16,742.4+0.2 S. 24,192.04 10 W. 
17,020.5+0.5 S. 24:230.0-+10 W. 
17,215.5+0.5 S. 24'354.0-+0.2 W. 
b 17,717 80.2 S. 24,632.7-+0.2 W. 
18,030 +0. S. 25,247.2-+0.2 S. 
© 18.425.8+0.2 W. 25,275.0-+10 W. 
18,446.6-40.5 S. 25,550.0-+20 W. 
18,489.7-40.5 S. 26,035.0-+20 W. 
b 18'851.5+0.2 S. © 26,477.740.2 W. 
© 21,245.8+0.2 W. > 26,973.2+0.2 S. 
21.411.44+0.2 W. 27,150.0-+20 S. 
21,795.6-0.2 W. > 27'648.440.2 S. 
22'168.6-0.2 W. 27°725.0-+20 W. 
22,358.2:0.2 W. 28,218.0-40.5 S. 
"468.6-+0.2 W. 29'337.0-40.5 S. 
22'857.0-+0.2 W. 29'890.0-+25 W. 
b 22'976.4-40.2 W. 29'924.0-+40.5 S. 
23,215.2+0.2 S. 30,350.0-+25 W. 
23,958.1-+0.2 W. 30,400.0-+25 W. 
24,043.3-+0.2 W. 30,439.7-40.2 S. 
24,101.4-+0.2 W. 30,560.3-0.3 S. 
24'105.0-+10 W. 31,139.9-40.5 W. 
24:175.0-+10 W. 31,990.0-425 W. 
52,000.0£25 W. _ 39,920.0425 W. 
760.0 W. 40,500.9-0.2 S. 
32,850.0-4 20 W. » 40,672.5£0.2 S. 
027.540. W. 40,865.1+0.2 . 
c $3,091.8:40.2 W. 4 23'016.340.2 S. 
940.0-+15 W. 23,203.6-+0.2 S. 
33,960.0-+15 W. 4 23'214.340.2 W. 
© 34.174.741.5 W. 23,560.0-+10 S. 
: 34,243.3:40.5 S. 4 29'654.60.2 S. 
903.8-0.2 S. 30,762.01 S. 
b 35,513.3-40.2 S. 4 31474.8+0.2 S. 
maat OS a3seaisao2 
J " . »St0. “ 
© 30,034.640.2 W. 4 33.042.5-40.2 S. 
© 30,537.940.2 W. 4 34'412.04+0.2 S. 
39,900.0-+25 W. 








* Intensities of lines are classified as strong or weak. Strong lines have 
estimated absorption coefficients of greater than 10-7 cm~ and can be 
observed on the oscilloscope. Weak lines have absorption coefficients below 
10~? cm~! and can only be observed by use of the recording voltmeter. 

b Identified as C2!2H4S*® transition. 

° Identified as C2!2H4S* transition. 

4 Identified as C2!2D,4S* transition. 
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Prasad and co-workers have recently established, from the measurements of the susceptibilities of a num- 
ber of hydrated and anhydrous salts, that hydrates do not generally obey the additivity rule. Further, they 
have come to the interesting conclusion that the deviation from the additivity rule is closely connected with 
the number of molecules of water in the hydrate; in the case of several hydrates of the same salt, the de- 
parture from the additivity rule per molecule of water is highest for the hydrate containing the least number 
of molecules of water of crystallization and is least for the most stable hydrate. Boron is known to form 
several hydrated compounds. The polyborates are particularly interesting, since they can be dehydrated 
stepwise at suitable temperatures, and several intermediate hydrates can thus be prepared. The present 
paper deals with the study of the susceptibilities of the hydrated and anhydrous compounds containing 
boron and the examination of the applicability of the additivity law to hydrates. 





EXPERIMENTAL 


HE stable hydrates of the polyborates were pre- 
pared as follows: 


1. Sodium Pentaborate Pentahydrate! 


One mole of NaOH and 5 moles of H;BO; were dis- 
solved in water, and the middle crop of crystals ob- 
tained on evaporating the solution in vacuum was col- 
lected. The B content found=18.05 percent; theory 
= 18.33 percent. 


2. Potassium Pentaborate Tetrahydrate! 


Potassium pentaborate tetrahydrate was obtained by 
boiling the solution containing KOH and H;BO; in 
the proportion of 1:4. The product was recrystallized 
twice from water. The B content found= 18.35 percent ; 
theory = 18.45 percent. 


3. Sodium Metaborate Dihydrate’ 


The crystals of the substance were obtained by allow- 
ing a concentrated solution of equimolar proportions 
of NaOH and borax to stand for 2 or 3 weeks in a 
desiccator. The B content found=10.61 -percent; 
theory = 10.62 percent. 


4. Sodium Boroformate Dihydrate 


A concentrated solution of 1 mole of sodium formate 
and 1 mole of boric acid was gently evaporated at about 
50°C, and the crystals obtained were separated and 
purified by recrystallization. These crystals were then 
dried at 45°-50°C in an air oven. The B content 
found= 6.56 percent ; theory = 6.52 percent. 

Sodium tetraborate decahydrate (borax) used was of 
B.D.H. A.R. quality. 

Several intermediate hydrates of the polyborates 
were obtained by dehydrating them as follows: A 
weighed quantity of a stable hydrate was heated at a 
given temperature until its weight became equal to 


as peg and Leyser, Z. anorg. u. allgem. Chem. 119, 1 
921). 
2 Benedikt, Ber. 7, 700 (1874). 


686 


that of the required hydrate. The borax was dehydrated 
at the temperatures quoted by Hoffmann’ and the 
sodium and potassium pentaborates at the tempera- 
tures given by Atterberg.t Table I gives (a) the name 
of the stable hydrate dehydrated, (b) the temperature 
at which the dehydration was effected, (c) the formula 
of the hydrate formed at that temperature, and (d) 
the percentage difference between the observed weight 
and the weight corresponding to the stoichiometric 
formula of the substance. 

The susceptibilities of the hydrated and the an- 
hydrous substances were mcisured on the modified 
form of Gouy’s balance developed by Prasad, Dhar- 
matti and Gokhale,® and the various precautions men- 











TABLE I. 
% 
Name of substance Formula of hydrate differ- 
dehydrated Temp. formed ence 
1. Sodium tetra- 130°C Na2B,O7-3H:0 0.5 
borate deca- 150°C Na2B,07-2H,O 0.3 
hydrate 180°C Na2B,O7-H:,O0 0.5 
above 
318°C Na2B,O7 0.9 
2. Sodium penta- 80°C NaB,;0;-2H,0 0.5 
borate penta- above 
hydrate 80°C NaB;0;-H20 0.6 
200°C NaB;03-$H:0 0.2 
above 
200°C NaB;Os 0.2 
3. Potassium penta- 100°C KB;O;-H,0 0.1 
borate tetra- 200°C KB;03-4H20 0.3 
above 
200°C KB;Os3 0.2 
4. Sodium meta- above 
borate dihydrate 200°C NaB-O, 0.2 
5. Sodium boro- OH 
formate di- Pl 
hydrate 105°C Na} HCOO-B 0.3 
XQ 








3 Hoffmann, Textbook of Inorganic Chemistry, Vol. II, pp. 150. 

4 Atterberg, Z. anorg. u. allgem. Chem. 48, 367 (1906). 

5 Prasad, Dharmatti, and Gokhale, Proc. Indian Acad. Sci. 20A, 
224 (1944). 
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tioned by them were followed. Great care was taken 
during the packing of the samples of the intermediate 
hydrates and anhydrous substances. They were intro- 
duced in the specimen tube as soon as they were pre- 
pared and were packed in the tube in as short a time 
as possible, thus avoiding the possibility of the exposure 
of these substances to moisture. No increase in the 
weight of the tube filled with these substances was 
observed ; this ensured that no moisture was absorbed 
by the sample during the measurement of the sus- 
ceptibilities. The results obtained are given in Table IT, 
in which x, and x» represent, respectively, the specific 
and the molecular susceptibilities of the salts. Through- 
out this paper, all values of the susceptibilities have 
been expressed in terms of —1X10~ cgs units. 


DISCUSSION OF RESULTS 


1. Deviations in the Specific Susceptibilities 
from the Additivity Rule 


Molar susceptibilities of the hydrates have been 
calculated by adding the normal molar susceptibility of 
water (12.96 per molecule) to the observed molecular 
susceptibility of the anhydrous salt. The values thus 
obtained are given in column 5 of the Table II. These 
values have been divided by the molecular weights of 
the hydrates to give the specific susceptibilities of the 
hydrates (column 4 of the Table IT). It will be seen that 
the computed values of the x, are less than the experi- 
mental ones in the case of all hydrates except the di- 
hydrate of sodium metaborates, in which it is higher. 

The percentage deviations in x, from the additivity 
rule have been calculated in the case of each hydrate, 
and the values obtained are given in column 6 of 





Table II. It will be seen that, in the case of several 
hydrates of the same polyborate, the deviations increase 
to a maximum and then decrease as the number of 
water molecules (m) increases. This observation es- 
tablishes the fact that the additivity law is not strictly 
obeyed in the case of any of these hydrates. 


2. Deviations in the Molecular Susceptibilities 
from the Additivity Rule 


The differences (Ax,,) between the experimental and 
the calculated values of x, which represent the devia- 
tions in molar susceptibilities from the additivity rule, 
are given in column 8 of Table II. It will be seen that, 
with the exception of sodium metaborate dihydrate, 
these values are positive in all cases. Further, it will be 
observed that, for the hydrates of the same borate, 
Axm increases steadily, though not uniformly, as the 
degree of hydration increases. In order to see how and 
to what extent A~x,, is related to m in the several hydrates 
of the same borate, values of Ax, have been plotted 
against m in the case of the three polyborates. All the 
three curves (Fig. 1) rise at first steeply but tend to 
flatten out as m increases, indicating thereby that the 
value of Ax,,/ decreases as one proceeds from the lower 
to the higher hydrate, that is, as m increases; or, the 
susceptibility contribution per molecule of water of 
hydration decreases in higher hydrates of the same salt. 
This fact is well brought out by the curves obtained by 
plotting the values of Ax,,/n against m for the three 
borates (see Fig. 2), which slope down as m increases. 

The aforesaid observations are in good agreement 
with those of Prasad and co-workers’ who have ex- 
plained them on the general principle that when a salt 











TABLE II. 
Xa Xm Xa Xm % dev. Arm 
Name of substance (obs) (obs) (calc) (calc) in Xa Axm n 
1 2 3 4 5 6 7 8 

Sodium tetraborate anhydrous 0.423 85.10 — — — — — 
Sodium tetraborate monohydrate 0.463 101.48 0.4471 98.06 3.39 +3.42 +3.42 
Sodium tetraborate dihydrate 0.491 116.59 0.4678 111.02 4.80 +5.57 +2.78 
Sodium tetraborate trihydrate 0.515 131.57 0.4855 123.96 5.80 +7.61 +2.54 
Sodium tetraborate decahydrate 0.591 225.45 0.5631 214.70 4.76 +10.75 +1.07 
Sodium pentaborate anhydrous 0.390 80.07 — — — — — 
Sodium pentaborate hemihydrate 0.418 89.38 0.4042 80.55 3.18 +2.83 +5.66 
Sodium pentaborate monohydrate 0.440 98.16 0.4169 93.03 5.25 +5.13 +5.13 
Sodium pentaborate dihydrate 0.473 114.11 0.4396 105.89 7.12 +8.12 +4.16 
Sodium pentaborate pentahydrate 0.528 155.72 0.4909 144.87 6.97 + 10.85 +2.17 
Potassium pentaborate anhydrous 0.394 87.10 — — — — — 
Potassium pentaborate hemihydrate 0.423 97.89 0.4065 93.58 3.92 +4.31 +8.62 
Potassium pentaborate monohydrate 0.445 106.46 0.4183 100.06 6.02 +6.40 +6.40 
Potassium pentabortte tetrahydrate 0.500 146.65 0.4738 138.94 5.27 +7.71 +1.93 
Sodium metaborate anhydrous 0.477 31.40 — — — — — 
Sodium metaborate dihydrate 0.511 52.03 0.5637 57.32 10.3 —5.29 — 2.62 
Sodium boroformate anhydrous 0.419 46.86 — — — — — 
Sodium boroformate dihydrate 0.536 88.88 0.5040 85.74 6.1 +3.14 +1.05 














* Prasad, Dharmatti, Kanekar, and Biradar, J. Chem. Phys. 17, 813-818 (1949). 
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Fic. 1. Difference, Axm, between the experimental and the 
calculated values of x» plotted against number of molecules of 
water of crystallization. 


forms several hydrates, the water molecules in the 
lowest hydrate are more firmly bound with the an- 
hydrous salt than in the next higher hydrate; that is, 
an additional linkage of water molecule is less firm 
than the preceding one. Consequently, the binding in 
the lowest hydrate causes a larger deviation from the 
additivity law than that in the higher hydrates, and 
hence, the value of Ax,,/n decreases as n increases. 
These conclusions are based upon the assumption that 
there is a molecular combination between the an- 
hydrous salt and the molecules of water of hydration. 
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Fic. 2. Ax, divided by number of molecules of water 
of crystallization, plotted against n. 


PRAS'AAD, KANEKAR, AND KAMAT 


In the case of borates studied in this investigation, 
chemical evidence indicates that the first few water 
molecules are attached to the anion and the remaining 
ones to the cation. The agreement of the authors’ ob- 
servation with those of Prasad ef al. indicates that their 
conclusions generally hold even when the molecules of 
water are attached to ions. 


3. Interpretation of the Negative and Positive 
Values of Ax,,/n and Their Variation with n 


(a) The Effect of Paramagnetism of the Ion Hydrates 


According to Van Vleck,’ the molecular susceptibility 
of a polyatomic molecule without a resultant spin is 
given by the expression 


Ne | m°(n’; n) | 
lew F ———. 
6mc? n'=n hy(n';n) 
The first term is the well-known term of Langevin’s 
equation, while the second is a paramagnetic term inde- 
pendent of temperature and is brought about by the 
distortion of the electronic system due to interatomic 
forces, such as are obtained in diatomic and polyatomic 
molecules; its value would vary with the different 
linkages in the molecule. In the case of hydrates studied 
in this investigation, additional linkages of water mole- 
cules with either the cation or the anion in the an- 
hydrous salt or in its lower hydrate would cause an 
increase in the magnitude of this term, and hence, the 
diamagnetic susceptibility calculated from the addi- 
tivity law would be greater than the observed one. 


(b) The Effect of the Hydration of Ions 


Along with the aforesaid factor, the effect of hydra- 
tion of ions on the susceptibilities of ions has also to be 
taken into account. The origin of this effect on anions is 
due to the fact that, in the anhydrous salts, they are in 
all cases fairly large and highly unsaturated, on ac- 
count of a large number of double bonds (see structures 
proposed by Wiberg,’ Menzel,? and Hahn!®), which 
cause a distortion of the electronic orbits and hence 
lead to a strain. When these salts get hydrated, the 
water molecules first enter the anion, and the —B=0O 

OH 


group goes over to —B - This reduces the desatu- 


\ 
OH 
ration and hence increases the ionic radius. Conse- 
quently, the susceptibility of the hydrated borate anion 
would be greater than that of the ion in the anhydrous 
salt. As the anion gets further hydrated, the desatura- 


7 Van Vleck, The Theory of Electric and Magnetic Susceptibilities 
(1932), p. 275. 
8 Wilberg, Z. anorg. u. allgem Chem. 191, 43 (1940). 
® Menzel, Z. anorg. u. allgem. Chem. 166, 75 (1927). 
10 Hahn, Z. anorg. u. allgem. Chem. 193, 316 (1930). 





tion 
will 


bora 
dimi 


becc 
of } 
one 

sodi 
is of 
ciab 


abo 
caus 
incr 
If tl 
ther 
of s 
prec 
be ] 
effe 
par. 
tinv 
crea 
(see 
Tak 
Nas; 
fact 
the 
of t 
of 1 


tion, 
water 
ining 
3’ ob- 
their 
les of 


tive 
n 


ales 
pility 
in is 


vin’s 
inde- 
’ the 
omic 
omic 
rent 
died 


n0le- 


e an 
the 
ddi- 











MAGNETIC SUSCEPTIBILITIES 689 


tion in the anion is further relieved, and hence, there 
will be a further increase in the susceptibility of the 
borate ion; this increase will not be uniform but will 
diminish progressively with hydration. 

Once the anion gets saturated, the water molecules 
become attached to the cation. Thus, in the decahydrate 
of Na2B,O; and the pentahydrate of NaB;Os, six and 
one molecule, respectively, of water are attached to the 
sodium ion. The linkage of this water with the cation 
is of electrostatic nature and would not affect, appre- 
ciably, the normal diamagnetic susceptibility of the ion. 


(c) The Net Effect of Paramagnetism of the 
Ion Hydrates and the Hydration of Ions 


It will be seen from the discussion in (3a) and (3b) 
above that the paramagnetism of the ion hydrates 
causes a decrease, and the hydration of anions causes an 
increase in the diamagnetic susceptibility of a hydrate. 
If the first effect is more predominent than the second, 
then Ax,,/n would be negative, as observed in the case 
of sodium metaborate. If, however, the second effect 
predominates over the first, the values of Ax,,/n would 
be positive. On successive hydration of the anion the 
effect of the first factor, which increases with m, is com- 
paratively greater than that of the second, which con- 
tinuously diminishes. Hence, the value of Ax,,/n de- 
creases as the anion gets more and more hydrated 
(see hydrates of NazB,O;, NaB;Os, and KB;Os, 
Table II). The lowest values of Ax,,/n in the case of 
Na2B,O;7, 10H2O and NaB;Os, 5H2O are due to the 
fact that the increase in the susceptibilities caused by 
the attachment of 4 moles of H,O to the anions of each 
of these compounds is distributed over the total number 
of molecules in the hydrate, since the cationic water 





practically follows additive law. The justification of this 
view can be seen from the following calculations in 
which the values of the susceptibilities of Na2B,Oz, 
4H.O and NaB;0Os, 4H2O had to be obtained by extra- 
polation for want of the experimental data. 


(1) NaeB,O7, 10H:O (x»=225.45)=The susceptibility 
of Na2B,0;, 4H,O, obtained by extrapolation is 
146.50. Hence, 6%4,0= 78.95, or xH,0= 13.16. 

(2) NaB;Os, 5H20 (x»=155.72)=the susceptibility of 

NaB;Os, 4H.0, obtained by extrapolation is 142.40. 
Hence, *H,o= 13.25. 


SUMMARY 


The magnetic susceptibilities of a number of hydrated 
and anhydrous compounds containing boron have been 
determined on a modified form of Gouy’s balance, with 
a view to test the applicability of the additivity law 
for the hydrates. The data indicate that, in the several 
hydrates of the same polyborates, the deviation of the 
observed value of the molar susceptibility of the hy- 
drate from that calculated from the value of the an- 
hydrous salt on an additivity basis, per molecule of 
water of hydration, is greatest for the hydrate contain- 
ing the smallest number of water molecules, and dimin- 
ishes progressively with subsequent hydration. These 
deviations have been found to be positive in all cases 
except in the hydrate of sodium metaborate, where it is 
negative. They have been explained on the considera- 
tion of, (a) the paramagnetic term, independent of 
temperature, arising out of the additional linkage of 
water molecules.to the ions, and (b) the increase in the 
susceptibility of the anions on hydration. The water 
molecules attached to the cation do not seem to influence 
the susceptibility of the ion appreciably. 
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Application of a Modified Quantum-Mechanical Cellular Method 
to the Hydrogen Molecule 


Victor A. LEwInson*t AND GEORGE E. KIMBALL 
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(Received March 14, 1951) 


The application to molecules of the cellular method of Wigner, Seitz, and Slater has been tested by using it, 
in modified form, to calculate the electronic binding energy of the H2 molecule. The results are not better 
than those obtained by the Heitler-London and molecular-orbital methods, but they are good enough to 
suggest investigation of more complicated molecules, where the method may be more successful. 





INTRODUCTION 


ECAUSE many-electron problems cannot be 

solved exactly, theoretical problems of molecular 
structure have been attacked by approximate methods. 
The two methods in common use are the method of 
molecular orbitals and the Heitler-London method. 
While the success of these methods has been con- 
siderable, both are so difficult to apply that many 
problems of basic importance to chemistry have not 
yet been attacked with success. 

The suggestion was made some years ago by Slater! 
that the “cellular method” developed by Wigner and 
Seitz’ for use in the theory of metals might be a suc- 
cessful alternative to the existing methods of obtaining 
approximate solutions to problems of molecular struc- 
ture. In this paper we shall describe an attempt to 
apply this method to the hydrogen molecule, chosen as 
representing a typical molecular problem, and to com- 
pare the results with those obtained by other ap- 
proximations. 


CHOICE OF CELLS 


In the cellular method as applied to metals, the 
crystal is divided into polyhedral cells by a set of planes 
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* Present address: Chemistry Department, California Institute 
of Technology, Pasadena 4, California. 

t Further details are contained in the dissertation by Victor A. 
Lewinson, Calculation of the Electronic Binding Energy of the 
Hydrogen Molecule by a Modified Cellular Method (1950), available 
on microfilm from University Microfilms, Ann Arbor, Michigan. 

1J. C. Slater, Revs. Modern Phys. 6, 273 (1934). 

2 E. Wigner and F. Seitz, Phys. Rev. 43, 804 (1933); 46, 509 
(1934); J. C. Slater, Phys. Rev. 45, 794 (1934); Revs. Modern 
Phys. 6, 209 (1934) ; W. Shockley, Phys. Rev. 52, 866 (1937). 
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perpendicularly bisecting the lines joining the atoms to 
their near neighbors. Within one of these cells an elec- 
tron is assumed to move in a central field which is ap- 
proximately that of the positive ion of the metal. The 
potential due to the neighboring cells is small because 
of their electrical neutrality and the symmetry of the 
crystal lattice. The wave functions for the electrons are 
constructed by fitting together through the lattice the 
solutions of the Schrédinger equation within the cells, 
with the boundary conditions that the wave function 
and its derivatives must be continuous at the cell 
boundaries. 

The analogous procedure in Hg is to divide the space 
in which the electrons move into two “cells” by a plane 
perpendicularly bisecting the line joining the nuclei 
(Fig. 1). It is then assumed that the two electrons are 
always in different cells, so that each electron moves 
in the field of the nucleus in the same cell, plus the field 
arising from the nucleus and the electron in the other 
cell. Whereas the field from the other cells can be neg- 
lected in crystals, this is not the case in He, because of 
the lack of symmetry. The next step should be the 
solution of the Schrédinger equation for the motion 
of the electron within one cell. The Schrédinger equa- 
tion to be solved differs from that of an isolated hydro- 
gen atom in two respects: the potential energy contains 
the added field from the other cell, and the boundary 
condition is no longer that y should vanish at infinity. 
Instead, the wave function must vanish at infinity in 
one half-space, and on the plane face of the cell y must 
have a vanishing normal derivative (in the ground 
state), this being required by symmetry for smooth 
joining to the solution in the adjoining cell. 

In principle, this problem could be solved by a 
method of successive approximations. In the first 
approximation the field of the other cell could be 
neglected, and the Schrédinger equation solved in one 
cell with the proper boundary conditions, using only 
the field of the nucleus in that cell. The wave function 
so found could be used to calculate the field arising 
from the other cell. The Schrédinger equation could 
now be solved again using this field, to obtain a second 
approximation to the wave function and the field. 
By iterating this procedure the desired solution could 
be found. In view of the fact that the end result would 
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still be only an approximation to the true solution of 
the Hz problem, the large amount of labor involved in 
carrying out this process did not seem to be justified. 


VARIATION METHOD 


As an alternative, the problem has been attacked by a 
variation method. It should be emphasized at this 
point that this variation method is applied to the ficti- 
tious problem in which the electrons are constrained 
to remain in separate cells. Because this is not the same 
as the actual problem of the Hz molecule, the ordinary 
rule that the energy calculated by the variation method 
is always higher than the energy of the ground state 
does not apply, for the fictitious molecule may (and in 
fact does) have a ground-state energy lower than that 
of the actual H2 molecule. 

The method consists of selecting a trial one-electron 
wave function, a, defined only in one cell, and satis- 
fying the given boundary conditions. A similar function 
for the other cell, y¥, is obtained by reflection in the 
boundary plane. 

The wave function for the two electrons is then taken 
to be 


¥=Wa(1)y¥2(2). (1) 


It should be noted that this is defined only when the 
coordinates of electron 1 lie in the first cell and those of 
electron 2 in the second. Strictly, we should use the 
symmetric function 


¥=Wa(1)Yo(2)+ Yo(1)a(2), (2) 


but the results using this would be exactly the same as 
those from Eq. (1). 

The energy corresponding to the trial wave function 
is now calculated in the usual way from 


E= f YHdo / f Vado. (3) 


In the integrations, the coordinates of electron (1) 
are confined to the first cell, and those of electron (2) 
to the second cell. The hamiltonian is the usual operator 
for the H2 molecule, given in Hartree units by 


Tab 12 Yay bo Lag by 


The form of the trial wave function is varied to mini- 
mize E. 


RESULTS FROM VARIATION METHOD 
As a trial wave function 
Wa(1) = exp(— Bra;)+exp(— Bro) (5) 


was used with 8 as an adjustable parameter. The 
evaluation of E by Eq. (3) offered no difficulty except 
with the term involving rj. An attempt to evaluate this 


CELL METHOD APPLIED 





TO Hz 

















22 

-3.0/-— 
> 
@ “4.0r- 
> 
o 
= 
@ 
& 
W -50/- 
2 
°o 
_ 

-6.0-—- 4 

Nee 
7.0 | ia 





07 1.0 1.5 2.0 2.5 
Internuclear Distance, rgb 


Fic. 2. Prefixes: HL=Heitler-London method, MO=Molecu- 
lar-orbital method, CELL=Cellular method. Suffixes: 0=No 
variational parameter (8=1), 1= Using effective-charge param- 
eter (8 variable). Units: Energy, ev, referred to separated atoms; 
fab, Hartree units (0.53A). 


term was made using the Neumann expansion’ for 
1/ri2 in elliptic coordinates, but this led to an infinite 
series of untabulated integrals. An expansion of the 
charge density of the electrons into a series of multi- 
poles proved to be divergent. Nevertheless, the series 
had some of the properties of an asymptotic expansion 
and could be used to obtain a rather crude approxima- 
tion. Finally, the term was calculated by replacing the 
actual charge distribution of each electron by an equal 
total charge distributed on the circumference of a circle 
whose center was on the axis of the molecule with its 
plane perpendicular to the axis, located so as to give 
the correct potential at the two nuclei, where the exact 
potential could be calculated. The potential of this 
distribution agreed with that given by the multipole 
expansion to within the error of that expansion, and was 
further checked at one point by a numerical calculation 
using the Monte Carlo method.‘ 

The results are shown in Fig. 2 and Table I. The 
internuclear distance is nearly correct, but the binding 
energy is much too large. 


3 See Y. Sugiura, Z. Physik 45, 484 (1927). 

4See P. M. Morse and G. E. Kimball, Methods of Operations 
Research (John Wiley and Sons, Inc., New York, and Technology 
Press, Cambridge, Massachusetts, 1951), pp. 11-15, 122-128. 
For details, see dissertation of V. A. Lewinson, available on micro- 
film from University Microfilms, Ann Arbor, Michigan. In Table 
III-1 of that dissertation, the numbers of the last row should read 
as follows; 2,361; 1.141; 1.912; 1.041; 1.394; 0.756. 








DISCUSSION 


The cellular treatment has points in common with 
both the Heitler-London and molecular orbital treat- 
ments of Hy. If to the cellular wave function in the 
form given by Eq. (2) two additional terms are added 
to give 


¥= Wa(1)Yo(2)+ Yo) Wa(2)+ Wall) Pa(2)+ Yo(1)yo(2) 
=[va(1)+Yo(1)]-[va(2)+¥0(2)], (6) 


the result is a wave function of the ordinary molecular 
orbital type. The energy calculated from Eq. (6) 
differs from that obtained from Eq. (1) or (2) only 
in the repulsion between the electrons. The effect of 
replacing Eq. (6) by Eq. (1) is the removal of the part 
of this repulsion arising from the configurations in 
which the two electrons are in the same cell, and doub- 
ling the part of the repulsion arising from the configura- 
tions in which the electrons are in different cells. This 
obviously decreases the repulsive energy, and there- 


TABLE I. Binding energy of Hz by various methods. 











No. of 
Method parameters B Yab* —E* 
Expt.> on 1.4 4.72¢ 
HL 0 1 1.4 2.86 
MO 0 1 1.4 2.47 
Cell 0 1 1.4 Baz 
HL 0 1 1.6 3.15 
MO 0 1 1.6 2.70 
Cell 0 1 A 5.57 
HL 1 1.17 1.4 3.78¢ 
MO 1 1.19 1.4 3.49¢ 
Cell 1 1.30 ls 7.02 
Cell 1 1.27 1.4 7.09¢ 
Cell 1 1.24 $5 7.05 








ose in ev, referred to separated H-atoms; rad in Hartree unit 
BR. Rydberg, Z. Physik 73, 376 (1931); H. A. Beutler, Z. physik. Chem. 
B27, 287 (1934). 
© Minimum of E vs rab curve. 


fore lowers the total energy, provided of course the 
parameters are held constant in going from Eq. (6) 
to Eq. (1). 

* The removal of the last two terms in Eq. (6) is quite 
analogous to the removal of the “ionic” terms from an 
LCAO molecular orbital treatment to give a Heitler- 
London type of wave function. 

The exhaustive treatment of James and Coolidge® 
has shown that molecular orbital treatments without 
correlation between the electrons always give energies 
which are too high. The cellular treatment introduces 
such a correlation, but too strongly, with the result 
that the final energy is too low. It cannot be stated 
categorically that the cellular method will always give 
an energy lower than the exact ground-state energy, 
but it seems likely that this will generally be the case. 

The use of the variation method accentuates this 


5H. M. James and A. S. Coolidge, J. Chem. Phys. 1, 825 (1933) ; 
3, 129 (1935). 
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difficulty. It seems better to determine the parameters 
of the trial wave function by some other method. 
For example, if we use the 1s orbital of an isolated 
hydrogen atom as a basis for choosing Wa, which 
amounts to fixing 6 at the value 1, the curve “Cell-0” 
in Fig, 2 is obtained, which is in much better agreement 
with experiment than the curve “Cell-1.”” Unfortun- 
ately, no general way of establishing such functions 
has been found. 


APPLICATION TO OTHER MOLECULES 


Treatments of the hydrogen molecule have been 
used extensively as bases for treatments of valence 
forces in general. The success of the cellular method 
when applied to metals is already proven. The calcula- 
tions described above indicate that by it qualitative 
results can be obtained in Hg, although less successfully 
than by the molecular orbital and Heitler-London 
methods. 

The success which might be obtained by the cellular 
method in treating other molecules is still uncertain. 
Calculations are now being made in this laboratory with 
the object of testing the method on carbon compounds. 
Present indications are that the method will be more 
successful on carbon than it has been on hydrogen. 

It is not at all impossible that hydrogen may prove 
to be the least typical of all elements, and that the heavy 
reliance of valence theory on the quantum mechanics 
of the hydrogen atom and the hydrogen molecule may 
prove to be unjustified. Hydrogen differs from all 
other chemically active elements in having no core 
of closed shells of electrons. The absence of this core 
may account for some of the anomalous habits of 
hydrogen atoms, e.g., the “protonated double bond,” 
the hydrogen bridges in B2He. 

Making the provisional assumption that the cellular 
method can be applied with more success to other 
molecules than it can to Ha, it is still necessary to answer 
the question of whether the cellular method has any 
advantage over existing theories of valence forces. 

In one direction there seems to be such an advantage. 
It is a well-known fact that to a first approximation 
bond energies and bond lengths can be estimated by 


TABLE II. Interaction between cells. 








Tab® 1.4 a 2.0 1.4 
B 1 1 1 1.27 

Ea,= Eb,» —1.048 —1.020 —0.997 —1.288 
Ea2= Eb; —0.546 —0.490 —0.443 —0.607 
Ey (cell) ' 0.469 0.439 0.410 0.549 
Ea 0.714 0.588 0.500 0.714 
—1.188 —1.205 —1.197 —1.260 

(Eb,+E12)/E, % 6.5 4.3 aa 4.6 


(Eaz+Eab)/E, % —-142 -81 -48 —85 
(Eaz+Eab+Eb,+Ey)/E,% -7.7 —-38 —-21 —39 








® Hartree units (rat, 0.53A; energy, 27.2 ev, referred to separated protons 
and electrons). 


Ba = fv —-vde/ f° vdo, etc. 
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adding together contributions from the atoms forming 
the bonds. This fact has never had more than an in- 
direct and somewhat uncertain basis on the molecular 
orbital and Heitler-London methods. In the cellular 
method the wave function for the bond electrons is 
constructed from the start from two parts, each 
characteristic of one of the atoms forming the bond. 
To the extent to which the method applies, the additive 
properties follow immediately, for each of the two 
parts would make its own contribution to the bond 
energy and the bond length. 

The additivity would hold only to the extent that the 
electrostatic field due to one cell could be neglected in 
the adjoining cells. The magnitude of this electrostatic 
interaction between cells for the hydrogen molecule is 
shown by Table II. At internuclear distances greater 





than the observed equilibrium value, this interaction is 
less than 8 percent of the total calculated energy, and 
it decreases rapidly in magnitude with increasing 
internuclear distance. 

In the case of bonds not involving hydrogen atoms, 
this interaction may be expected to be considerably 
smaller. There are two reasons for this. First, if there is 
more than one adjoining cell, there will be a partial 
cancellation of opposing fields. Second, the repulsion 
between the atoms arises mainly from the Pauli re- 
pulsion between the cores. In the cellular method, this 
Pauli repulsion is automatically brought in as a splitting 
of the energy levels occupied by the core electrons. This 
begins at such distances that the great departure from 
spherical symmetry found in Hg is not required, with a 
resulting smaller external field. 
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The velocity and absorption of ultrasonic waves in benzene vapor were measured by means of the sonic 
interferometer, at frequencies of 251.44 kc, 497.44 kc, and 1008.06 kc, within the pressure range 2 to 9.5 cm 
Hg, between the temperature limits 30.2°C to 37.6°C. Dispersion of the velocity, after being reduced to 30°C, 
ranged from 190.4 m/sec to 207.31 m/sec. The corresponding values of the specific heat C,/R dropped from 
9.45 to 3.0. Values of the molecular absorption coefficients, which are several times larger than the classical 
ones, are interpreted as due to the loss of vibrational degrees of freedom only. The theoretical values cal- 
culated from Kneser’s method, show a close agreement with the dispersion curve, but not so well with 
the absorption values. An improvement of fit was made by the assumption of two relaxation times, but 
owing to the scattering of the experimental points, it is very hard to decide which theory fits better. The 
value of the single relaxation time is 5X 10~* sec, and those from the second assumption are 2X 10~* sec and 


6.8X 107 sec. 


INTRODUCTION 


N gases with internal degrees of freedom, ultrasonic 
waves show velocity dispersion and absorption in 
excess of the classical one. This effect is explained by 
the slowness of energy exchange between external and 
internal degrees of freedom.! 

Liquids also show this excess absorption; this is 
partly a structural absorption,” but in many cases a 
large part of this excess absorption has also been 
ascribed to the delay in energy exchange.* 


It was hoped to get a better understanding of these © 


processes by investigating the same substance in both 
the vapor and the liquid states. There do exist some 
such investigations but at such low temperature that 


* Supported by U. S. Navy Contract N6-onr 255-111. Part of 
work done in fulfillment of the requirements for the degree of 
Doctor of Philosophy at the Catholic University of America. 

'L. Bergmann, Der Ultraschall (VDI-Verlag, Berlin). 

*G. D. Rock and E. F. Fox, J. Acoust. Soc. Am. 12, 505 (1941). 
T. A. Litovitz, Doctoral Dissertation, Catholic University of 
America (1950). J. Acoust. Soc. Am. 23, 75 (1951). 
*K. F. Herzfeld, J. Acoust. Soc. Am. 13, 33 (1941). 





the vibrational degrees of freedom play no role. The 
absorption in liquid benzene has been measured ex- 
tensively in this laboratory.‘ It was therefore decided 
to measure the dispersion and absorption of ultrasonic 
waves in benzene vapor over an extensive range. 

The velocity of ultrasonic waves in benzene vapor has 
been investigated by W. Railston® in the frequency 
region 100 to 2000 kc/atmos and by S. K. Jatkar®t be- 
tween the frequency range 49.42 to 126.65 kc/atmos. 
Both of them reported the discovery of dispersion in 
the velocity of sound in these regions, but owing to the 
experimental difficulties, neither of them had enough 
data for the absorption study. 


4J. Quinn, J. Acoust. Soc. Am. 18, 185 (1946). 

5 W. Railston, J. Acoust. Soc. Am. 11, 107 (1939). 

6S. K. Jatkar, J. Ind. Inst. Sci., 22, 19 (1939). 

t Note added in proof:—J. D. Lambert and J. S. Rawlinson, 
Proc. Roy. Soc. (London) 204, 424 (1950) have measured dis- 
persion in CsHs vapor at 96°C, 117°C, and 165°C and find relax- 
ation times of about 1.3X 1077 sec. Similarly K. Matta and E. G. 
Richardson, J. Acoust. Soc. Am. 23, 158 (1951) investigated this 
vapor at 90°C. 
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Fic. 1. Peak structure. 


The purpose of the present work was to make a care- 
ful experimental study of the dispersion in the sound 
velocity, and the corresponding absorption coefficients 
in benzene vapor, between the frequency range 2 to 40 
mc/atmos. In order to avoid the use of the correction 
for a non-ideal gas, the measurements were made over a 
lower pressure range, i.e., 9 to 2 cm Hg, at which the 
van der waals and the Berthelot corrections are neg- 
ligible. From the vapor pressure curve,’ it was found 
that the most suitable temperature was about 30°C. 
The apparatus used included a supersonic interferom- 
eter with a vapor-handling system and a driving circuit. 
Three X-cut quartz crystals were used, frequencies of 
which were: 1008.06, 497.44, and 251.22 kc. 


DESCRIPTION OF APPARATUS 
Interferometer 


The interferometer used was of the type for gases 
designed by Hubbard.* It was very similar to those used 
by Stewart? and Swomley.!® But as this experiment 
was operated at a lower frequency range, no special 
mounting was used to hold the crystals. 

The temperature of the interferometer was controlled 
by an Aminco thermo-regulator. A Dewar flask, eight 


7D. R. Stull, Ind. Eng. Chem. 523 (April, 1947). 
8 J. C. Hubbard, Phys. Rev. 38, 1011 (1931). 
* J. L. Stewart, Rev. Sci. Instr. 17, 59 (1946). 
10 E. E. Swomley, Phys. Rev. 69, 632 (1946). 
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inches in diameter, was placed over the interferometer 
to minimize the temperature fluctuations, usually 
+0.01°C. 

The benzene used was of grade “analytical reagent” 
supplied by the Mallinckrodt Chemical Works. The 
vapor was fed to the interferometer through a glass 
system containing three traps; the first contained the 
frozen benzene sample; the second was used to freeze 
out water vapor with the help of an alcohol dry ice 
mixture, the first half of the sample being frozen out; 
the third contained dryerite, through which any fresh 
air must pass. Ahead of the first trap was a Cenco oil 
pump. The last trap was connected to the interferom- 
eter by copper tubing, 3°; in. diameter ; the juncture was 
made by a Pyrex metal joint and “Tee Thru,” the third 
branch of which was connected to a mercury manom- 
eter, read by a cathetometer to 0.1 mm. 


Electrical Circuit 


The electrical circuit consisted of an oscillator, a 
buffer amplifier, and the crystal circuit. 

The oscillator was of the electron-coupled type, rang- 
ing from 250 kc to 10 mc. It was shielded in a wooden 
box lined with aluminum foil. A temperature controlling 
system, consisting of a mercury-toluene regulator, a 
relay, and a propeller, was provided. But for most of the 
work it was not necessary to use it. 


TABLE I. Velocity of sound in benzene vapor. 











t/p(mc/atmos) V30(m/sec) V302(m/sec)? C./R 
2.030 190.40 3.625 X 104 8.168 
2.165 191.66 3.673 iale 
2.330 190.89 3.644 7.776 
2.460 193.64 3.750 6.206 
2.940 192.26 3.696 6.920 
3.079 191.99 3.686 7.076 
3.640 193.28 3.736 6.433 
4.020 191.77 3.678 7.218 
4.056 190.44 3.627 8.130 
4.340 194.28 3.774 5.927 
4.400 191.95 3.684 7.103 
5.240 193.07 3.728 6.531 
5.360 191.87 3.681 7.147 
5.478 194.11 3.768 6.006 
5.820 192.25 3.696 6.928 
6.050 193.89 3.759 6.101 
6.249 196.25 3.851 5.196 
6.427 196.64 3.867 5.724 
6.633 194.76 3.793 5.792 
7.050 195.95 3.840 5.292 
7.188 194.76 3.793 5.731 
7.909 196.82 3.874 5.016 
8.401 194.38 3.778 5.887 
8.590 198.14 3.926 4.675 
8.612 196.82 3.874 5.016 
9.090 198.98 3.959 4.427 
9.720 200.18 4.007 4.155 

10.390 199.57 3.983 4.285 
10.860 201.89 4.076 3.815 
11.700 203.92 4.158 3.477 
13.320 204.64 4.188 3.369 
15.800 203.61 4.146 3.528 
18.240 203.94 4.159 3.476 
20.990 203.58 4.144 3.528 
29.240 207.04 4.284 3.100 
37.560 207.31 4.298 3.023 
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The amplifier consisted of two stages, one resistance- 
capacitance coupled, and one cathode coupled. The 
vacuum tubes used were CK7 and 6AC7. The output 
of the cathode follower was coupled to the LC circuit 
by means of a coaxial cable. 

The resonance circuit was tuned to the frequency of 
the crystal by means of a variable air condenser with a 
small vernier condenser in parallel with it. The current 
was measured by a vacuum thermocouple and a highly 
sensitive moving coil galvanometer. Two variable 
resistance boxes were shunted between the thermo- 
couple and the galvanometer to give different sensi- 
tivities of the measurements. 


EXPERIMENTAL PROCEDURE 


Before the measurements, the interferometer was 
evacuated and then filled with benzene vapor from the 
first trap. The electrical circuit was then adjusted in 
the usual procedure described by the Stewarts.*!° The 
details are as follows: The first minimum of galvanom- 
eter reading was found by taking the galvanometer 
reading for the piston positions one-quarter wavelength 
nearer the crystal than the first maximum or peak. 
This was done by first taking a closely approximate 
reading for two adjacent peaks which gave us the value 
of the half-wavelength, and subtracting one-half of 
this value from the micrometer screw reading for the 
first peak. With the first minimum established, it was 
then possible to make a final adjustment of the gal- 
vanometer zero and then of the oscillator micrometer 
condenser setting for the center of the crevasse. 

To measure the velocity, only the positions of peaks 
were located; at least five peaks were required. The 
difference between these maxima gave the value of the 
half-wavelength, from which the velocity was calcu- 
lated. 

They were then reduced to 30°C by the classical 
temperature correction 
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Fic. 2. Dispersion in benzene vapor at 30°C. 


COLLISIONS IN BENZENE VAPOR 
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Fic. 3. Specific heat of benzene. 


For absorption measurement, every series of readings 
was started by taking a series of at least five maxima. 
Then a detailed curve over a peak was plotted, giving 
galvanometer readings against distance between crystal 
and piston. From this curve (Fig. 1), values of the peak 
width 2Ar and the corresponding current were obtained. 

The peak-width method was used to calculate the 
absorption coefficient." 


DISCUSSION OF THE RESULTS 
Velocity Measurements 


The measurements of the velocity of sound in benzene 
vapor are shown in Table I, columns 2 and 3, covering 
the frequency range 2 to 40 mc/atmos. Figure 2 shows 
the square of the velocities against log//p. The classical 
values of the velocities, i.e., V?=y3oRT/M =3.57 X10, 
where 30 was obtained from the spectroscopic data, 
(Appendix I) and also V?=4RT/3M =4.306X 10‘ (ab- 
sence of vibrations) are both plotted on the same graph. 

There is a very definite increase of velocities in this 
region, lying between the two classical values, i.e., 
V?=3.571X 104 (m/sec)? as lower limit and approaching 
V?=4.306X 10! (m/sec)? as upper limit. This indicates 
that the dispersion is caused by the loss of the vibra- 
tional degrees of freedom only. The f/p law seems to be 
obeyed ;f although the scattering of the points is large, 
this is probably because of the difficulty in determining 
the exact positions of the maxima when the shape of the 
peaks are not so sharp at lower pressure ranges. 

The fourth column of Table I gives the values of the 
specific heat C,/R calculated from the velocity data, 
according to: 

C,/R=1/(V?M/RT—1) 


Figure 3 is a plot of these C,/R values vs logf/p, to- 
gether with the classical value of C,/R obtained from the 
spectroscopic data (see Appendix I). From this graph, 
it is clear that the value of C,/R starts from the classical 

1 R. S. Alleman, Phys. Rev. 55, 87 (1939). 

t These measurements were made repeatedly over a period of 


about four months with different frequencies and at different 
pressures. 
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Fic. 4. Molecular absorption in benzene vapor. 


specific heat C,/R=9.45 and gradually decreases until 
it reaches the value approximately 3.02 at about 37.56 
mc/atmos. This indicates that the rotational degrees of 
freedom have not been affected in this frequency range. 


Absorption Measurements 


The measured values of the amplitude absorption per 
wavelength were calculated by the peak-width method." 
The corresponding classical absorption coefficients were 
computed with (Appendix IT) 


a= (22*/dV p) { (4/3)n+ (y—- 1/cp)X K} » A=aciXr 


Subtracting the latter from the former ones gives the 
molecular absorption coefficients per wavelength. 
Figure 4 shows graphically the molecular absorption 
coefficients a, against the logarithms of the ratio f/p. 

Looking at the curve in (Fig. 4), it is clear that the 
absorption. coefficient increases with f/p at lower fre- 
quency ranges and reaches a maximum at about 6 
mc/atmos. It then decreases a little and seems to go 
up at higher frequencies. 

The explanation for the higher values of the molecular 
absorption has been made previously (see introduction) 
as due to the slowness of the energy exchange between 
the internal and external degrees of freedom. 

Theoretical formula for the molecular absorption 
per wavelength given by Kneser,” i.e., 


_ AL (Ve2/V)—-11/ fe) 

1+ (Va/Vo"/ fo)?’ 
and also the corresponding formula for velocity: 
V?=(Y/ fu)? Veart+Ve/I+(f/fu)?], — fu=(Vo/Veo)X fo 


were used in calculating the theoretical curves, using 
fw=10 mc, V?=4.306X10' (m/sec)?, and Vo?=3.571 





2H. O. Kneser, Ann. Physik 11, 761 (1931). 
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104 (m/sec)?. This gives the values 
V2=3.571+ (0.74 (f/10)?/1+(f/10)?) (1) 
a= (0.581 X (f/9.1)/1+(f/9.1)") (2) 


The corresponding curves are shown as full lines in 
Figs. 2 and 4. It is still not clear whether, and under 
what conditions, the vibrational effects in a poly- 
atomic molecule may be represented by one relaxation 
frequency or need several. Since the full curves do not 
fit the measurements exactly, an attempt was made to 
improve the fit by assuming two relaxation times (to 
use even more—like the theoretically possible 20—is 
hopeless without more guidance from theory). 

Quite a number of combinations were tried, and the 
following are chosen as the best: 


First step, fo.=4.4 mc/atmos, drop of C,/R from 9.44 
to 5, corresponding final value, V;?= 3.88 X 10* (m/sec)’. 

Second step, fv=13 mc/atmos, drop of C,/R from 5 
to 3, rise of V? from 3.88 to 4.31 X 10 (m/sec). 


This results in 


V?=3.571+[0.31X (f/4.4)?/1+ (f/4.4)?] 
+[0.43X (f/13)?/1+(f/13)7], (3) 


an=[0.256X (f/4)/1+ (f/4)"] 
+[0.329X (f/12.8)/1+(f/12.8)"], (4) 


and the resultant curves are shown as dotted lines 
(Figs. 2 and 4). It seems that for the velocity, the agree- 
ment is fairly good for both theoretical curves, but the 
accuracy is not great enough for a decision between 
them. The agreement with the absorption measure- 
ments is worse; the measurements scatter rather widely 
but not more than in the case of Swomley.” 

It would be compatible with the dispersion measure- 
ments to change f, in Eq. (1) from 10 to as low as 
8 mc/atmos by moving the dispersion curve parallel to 
itself to the left, but this does not seem to help to make 
the agreement better for the absorption curve. 

On the other hand, the lower part of the dispersion 
curve (3) and the absorption curve (4) permit only a 
shift to the right (increase of f,,=4.4 mc/atmos), which 
would destroy the agreement at the higher frequency 
end of the velocity measurements. 

It seems necessary that the velocity curve be known 
to at least } percent and the absorption to 10 percent 
before a decision between the different possibilities can 
be made. 

According to Eq. (1), the relaxation time is 5X10™ 
sec; according to Eq. (3), there are two such times, i.e., 
6.8X 10-8 sec, and 2 10-° sec. 


Reflection Coefficients 


The exponential amplitude reflection coefficients 8 
caused by heat conduction, calculated from Herzfeld’s 
formula™® gives the value 


B=0.008X(f/p)', where {/p=mc/atmos. 
13K. F. Herzfeld, Phys. Rev. 53, 898 (1938). 
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COLLISIONS IN BENZENE VAPOR 





TABLE II. Specific heat of benzene. 

















~ 273 283 293 303 313 323 333 
992.5 0.1479 0.1660 0.1845 0.2017 0.2219 0.2408 0.2580 
3061.5 0.000026 0.000042 0.000067 0.000102 0.000154 0.000226 0.000321 

1195 0.0741 0.0858 0.0977 0.1114 0.1253 0.1496 0.1543 
664 0.3933 0.4176 0.4410 0.4634 0.4849 0.5055 0.5250 
993 0.1476 0.1658 0.1842 0.2029 0.2213 0.2402 0.2594 
606* 0.9096 0.9574 1.005 1.046 1.089 1.126 1.163 

3048* 0.000056 0.000088 0.000142 0.000218 0.000322 0.000472 0.000674 

15958 0.0319 0.0400 0.0493 0.0592 0.0711 0.0834 0.0974 

1177.98 0.1577 0.1809 0.2072 0.2345 0.2633 0.2929 0.3234 
849.78 0.4619 0.5058 0.5489 0.5924 0.6347 0.6770 0.7172 
671 0.3862 0.4105 0.4338 0.4564 0.4780 0.4986 0.5183 

1010 0.1396 0.1571 0.1751 0.1931 0.2116 0.2303 0.2488 

3060 0.000026 0.000042 0.000068 0.000104 0.000155 0.000227 0.000323 
683 0.3743 0.3986 0.4220 0.4446 0.4664 0.4871 0.5069 

1261 0.0580 0.0682 0.0797 0.0905 0.1026 0.1155 0.1249 
406* 1.384 1.419 1.451 1.481 1.508 1.534 1.557 
8458 0.4729 0.5173 0.5610 0.6041 0.6464 0.6892 0.7296 

1035* 0.1284 0.1451 0.1624 0.1800 0.1977 0.2156 0.2340 

14854 0.0496 0.0601 0.0733 0.0863 0.1023 0.1184 0.1359 

3080* 0. 000024 0.000039 0.000063 0.000097 0.000145 0.000212 0.000300 

C/R vibr 5.347 5.695 6.076 6.450 6.825 7.205 7.555 

C,/R 8.317 8.695 9.076 9.450 9.825 10.205 10.555 

y-1 0.1202 0.1150 0.1102 0.1058 0.1018 0.0980 0.0947 

® Double. 


The experimental values of 6 in the present work 
vary irregularly, ranging from 0.03 to 0.21, which agree 
only in approximate order of magnitude with the theo- 
retical one. 
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APPENDIX I 
Specific Heat of Benzene 


The vibrational specific heat of benzene was calculated accord- 
ing to the Einstein formula. The total specific heat is'4 


Cy=Ctranst+Crot +Cvibr=3R+Cy ibr- (5) 


From this, y follows as 
: = 1+R/C,. 





*P. S. Epstein, Textbook of Thermodynamics (John Wiley and 
Sons, Inc., New York, 1937). 





The results'5 are given in Table II for the range from 0°C to 60°C, 
using the vibrational frequencies of Langseth and Lord as given 
by Miller and Crawford.!* 


APPENDIX II 
Classical Absorption of Benzene 


The thermal conductivity of a nonlinear polyatomic gas is, 
according to Eucken,!” 
=[1+(9/4)(R/C.) (C./M)n. (6) 


The classical absorption owing to viscosity and heat conduc- 
tivity may be written as 


aci= (8x°n/3pV*) f*L1+i(y—1/cp)(K/n) J, (7) 
where 
Cp=C,/M=C.4+R/M. 
Inserting (6), one has 
3y-1K 3R MC, *) 





iG @ 4C-C,M +4 $oHid- 0.0689 


at 30°C. With 7=0.772 X 10° poise,'* p=0.00315 g/cm’, V = 18950 
cm sec™ (calculated), one finds a/f?= 10.33 X 10~“ cm™ sec**. 


15 J. E. Mayer and M. G. Mayer, Statistical Mechanics (John 
Wiley and Sons, Inc., New York, 1940). 

16 F, A. Miller and B. L. Crawford, J. Chem. Phys. 14, 282 
(1946). 

17 EF. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1938). 
1 A.C. Nasini, Proc. Roy. Soc. (London) A123, 692 (1929). 
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The kinetics of the thermal decomposition of di-t-butyl peroxide were studied in the presence of excess 
toluene using a static and a flow system, the temperature range being 120° to 280°C. The decomposition was 


represented by the following mechanism: 


(CH3)sC.0.0.C(CH3)3—2(CHs)3.CO- 
(CHs)s. co ° —CH;- +CHs3. Co ° CH; 


2CH3- —C:H¢ 


CH;:+C.H;. CH;—>CH.+ CoH. CH2- 
CH; ° +C,eHs. CH: ° —CeHs. CH. ° CH; 


The rate of reaction was measured by the rate of formation of CH,+C2H¢. It was shown that the decom- 
position is a homogeneous gas reaction of the first order. The activation energy seems to be 361 kcal/mole, 
corresponding to the frequency factor of the order 4.10— 7.10" sec!. It was shown that the rate of reaction 
is not influenced by the pressure of toluene and by the toluene/peroxide ratio. It remains the same even in 
the extreme case when no toluene is present, or when benzene is used instead of toluene. The rates of decom- 
position obtained in this study are in fair agreement with the rates obtained for the same reaction by Rust 
and Vaughan. The following values have been obtained for dissociation energies: 


D[(CHs)3. CO—OC. (CHs)3 ]=36 kcal/mole 
D[(CHs3);. CO—H ]= 106 kcal/mole 
D[(CHs);- CO—OH ]=39 kcal/mole 


and the heat of formation of (CH3)3.CO- radical has been estimated at —23 kcal/mole. 





INTRODUCTION 


HE clear-cut nature of the thermal decomposition 

of di-t-buty] peroxide was first reported by George 

and Walsh! and independently by Milas and Surgenor.? 
The latter carried out the decomposition of di-i-buty]l 
peroxide in the gas phase at 250°C and found ethane 
and acetone as the only products of the reaction, this 
result being accounted for by the following mechanism: 


2CH3-—C2H,. (3) 


The above mechanism gained further support from the 
extensive studies of Raley, Rust, and Vaughan,** who 
demonstrated that the decomposition of di--buty] 
peroxide in various organic solvents resulted in the 
formation of some ?¢-butyl alcohol. The presence of this 
product indicated the occurrence of reaction (1) 
followed by reaction (4) 


RH denoting a molecule of the solvent. The validity of 
this assumption was confirmed by isolating the respec- 
tive dimer R: from the reaction mixture. 

The kinetics of the thermal decomposition of di-i- 
butyl peroxide were established by the studies of 
Raley, Rust, and Vaughan and of Rust, Seubold, and 


1 P. George and A. D. Walsh, Trans. Faraday Soc. 42, 94 (1946). 
(1946) A. Milas and D. M. Surgenor, J. Am. Chem. Soc. 68, 205 

946). 

3 Raley, Rust, and Vaughan, J. Am. Chem. Soc. 70, 88 (1948). 

‘ Raley, Rust, and Vaughan, J. Am. Chem. Soc. 70, 1336 (1948). 


Vaughan.5 It was shown by these workers that reaction 
(1) was the rate-determining step. They also concluded 
that, in the gas phase, all the (CH;)3.C.O- radicals 
decomposed according to Eq. (2). On the other hand, 
the methyl radicals were not removed by reaction (3) 
only, but some of these reacted with acetone according 
to Eqs. (5) and (6): 


The analysis of the products indicated that the amount 
of methyl radicals reacting with acetone according to 
Eqs. (5) and (6) varied from 5 to 10 percent. It in- 
creased, however, when the decomposition was carried 
to completion, or when acetone was added to the reac- 
tion mixture. 

It was pointed out by Rust, Vaughan, ef al., that the 
increase of pressure due to the decomposition of one 
mole of di-i-butyl peroxide is the same whether the 
decomposition takes place via reactions (1), (2), and 
(3) or via reactions (1), (2), (5), and (6). The rate of 
decomposition could be measured, therefore, by the 
rate of increase in pressure, and one would expect the 
final pressure to be three times higher than the initial 
pressure. It was found, however, that the final pressure 
was slightly lower than that expected theoretically, the 
experimental relationship being 


final pressure= 2.88 X initial pressure. 


The following observations were made by Raley, 
Rust, and Vaughan: 


5 Rust, Seubold, and Vaughan, J. Am. Chem. Soc. 70, 95 (1948). 
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THERMAL DECOMPOSITION OF BUTYL PEROXIDE 


(a) The rate of decomposition, measured by the 
increase of pressure, was not changed by packing the 
reaction vessel which increased the surface by a factor 
of 11. 

(b) The kinetics of decomposition obeyed the first- 
order law, the best first-order rate constant being ob- 
tained when Pina: was taken as 2.88 Pinitiai. This uni- 
molecular rate constant was independent of the initial 
pressure of the peroxide which was varied from 50-380 
mm Hg. 

(c) No inhibition was observed when either nitric 
oxide or propylene was added to the reaction mixture. 

(d) The temperature dependence of the unimolecular 
rate constants led to the activation energy of 39 kcal/ 
mole and to the frequency factor of 3.2 10"® sec“, the 
temperature being varied from 140 to 160°C. 

The high value of the frequency factor reported by 
Raley, Rust, and Vaughan induced us to reinvestigate 
this decomposition by a different technique. The pri- 
mary aim was to obtain results over a greater range of 
temperature, since both the experimental activation 
energy and the frequency factor are extremely sensitive 
to experimental errors if computed from results ob- 
tained over a narrow range of temperature. In the 
present study we succeeded to investigate this reaction 
over 160°, i.e., from 120°C up to 280°C. The technical 
difficulties forced us, however, to use a static technique 
for the lower temperature range (up to 170°C) and the 
flow technique for the higher temperatures. 


DESCRIPTION OF THE STATIC TECHNIQUE 


We chose a technique that would enable us to 
measure the rate of reaction for as low a fraction of 
decomposition as possible. The required amount of 
peroxide was introduced to the reaction vessel, heated 
for the time desired, and then all the material was 
pumped out, the amount of the gases formed and their 
composition being eventually determined. 

The facts established by the previous workers left 
no doubt that methyl radicals were produced in the 
course of this decomposition. We could expect therefore 
that by carrying out this process in a great excess of 
toluene we might remove these radicals and produce 
methane according to Eq. (7) 


C;Hs. CH;+ CH;3-:—C,Hs. CH.-+CH4. (7) 


Were this the case, then the rate of reaction would be 
measured by the rate of formation of methane. It seems 
however that the activation energy of reaction (7) is 
much greater than has generally been believed, the 
most probable value seems to be 8-12 kcal/mole.®7 
Hence, the stationary concentration of methyl radicals 
was sufficiently high to allow the dimerization to com- 
pete with reaction (7). In consequence, the rate of 





\9sg; Szwarc and J. S. Roberts, Trans. Faraday Soc. 46, 625 
TE. W. R. Steacie and A. F. Trotman-Dickenson, J. Chem. 
Phys, 19, 329 (1951). 
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initial decomposition had to be measured by the rate 
of formation of methane and ethane. Although the ratio 
of methane/ethane produced was dependent on the 
toluene/peroxide ratio, the variation of the latter did 
not affect the rate of reaction measured by the rate of 
formation of methane and ethane. 

Di-i-butyl peroxide was prepared by the method 
of Milas and Surgenor.? The product was purified by 
distillation, first under reduced pressure and finally at 
atmospheric pressure (B.P. 108-108.5°C). 

The reaction vessel (see Fig. 1) was a 5-liter Pyrex 
flask, V, placed inside a heavy aluminum block (about 
250 kg) which was heated electrically and was insu- 
lated by a layer of kieselguhr. The block was wound with 
Nichrome tape, the circuit being divided into four inde- 
pendent sections and the current in each regulated 
separately. The temperature was measured by a mer- 
cury-in-quartz thermometer (the calibration of which 
was checked at 100°C and 132°C), the thermometer 








Ts 














Fic. 1. The diagram of the apparatus. 


pocket extending below the center of V. The variation 
in temperature within V was never more than +1°C. 

On the vertical tube leading from V were two ground- 
joints, S; and Ss, to which were connected the side- 
arms used for the introduction of the reactants. The 
outlet tube, including tap 7;, was heated by Nichrome 
wiring. The side-arms were enclosed by auxiliary heaters 
during experiments. Tap 7; and the joints of S; and S2 
were lubricated by silicone “high vacuum” grease. 

The products of the reaction were introduced into the 
“gas receiving section” through tap T2 or through tap 
Ts; and the mercury vapor pump, P, placed after tap 7; 
made it possible to transfer into this section all the 
products not condensible in trap H; (kept at —78°C). 
The “gas receiving section” comprised traps H2 and H3, 
the bulb W, and a McLeod gauge connected via tap 77. 
The whole system could be evacuated via tap T3 by a 
mercury vapor pump backed by a rapid oil-pump. 
Tap T¢ led to the analytical section. 

The peroxide and the toluene were weighed into the 
side-arms, which were fitted to S$; and S_ and im- 
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TABLE I(a). (Time of reaction=30 min.) 














Toluene 
peroxide 
Peroxide (molar k X10 Riss X105 

Expt. Z ratio) Ts (sec™) (sec™) 
12P 0.35 12.5 148 9.5 9.5 
21 0.44 9.5 150 ‘A 9.1 
23 0.82 6 148 9.2 9.5 
25 1.13 5.5 147 7.9 8.6 








TABLE I(b). (Wt. of peroxide=0.3 to 0.4 g, molar ratio 
of toluene/peroxide near to 10.) 





























Time k X105 Riss X10 
Expt. (min) Te (sec™1) (sec™1) 
21 30 150 11.1 9.1 
12(P) 30 148 9.5 9.5 
22 ao 150 10.4 8.5 
24 112 148 8.5 8.5 
kiss X105 
(sec!) 
19 18 158 27.1 27.1 
18(P) 24 157 22.8 24.9 
20 30 158 24.1 24.1 
kiss X10 
(sec) 
10(P) 18 155 19.3 19.3 
11(P) 30 154 i 19.1 
TABLE I(c).* 
Toluene 
peroxide 
(molar k X105 kiss X105 = Percent 
Expt ratio) ia (sec™!) (sec™!) C2Hs 
36 0 149 13.0 11.7 98 
25 ao 147 7.9 8.6 57 
23 6 148 9,2 9.2 60 
22 10.5 150 10.4 8.5 54 
24 13 148 8.5 8.5 49 
37 27 151 13.2 9.6 32 








* In Tables I, the values of k are compared for the same temperature by 
interpolation over one or two degrees. 


mersed in baths at —78°C during the evacuation of V. 
At the end of the evacuation 7; was closed and the 
baths surrounding both side-arms were removed. The 
side-arms were then quickly inverted about their 
ground-joints, allowing the reactants to enter V. The 
auxiliary heaters were then placed in position. 

The partial pressure of peroxide in the reaction vessel 
was usually of the order of 10-40 mm Hg, the total 
pressure (peroxide and toluene) being 100-300 mm Hg. 

To end an experiment, tap 7; was opened, with trap 
H,; at —78°C and traps H2 and H; at —180°C. The 
unused reactants condensed in the first trap and the 
gaseous products were pumped into the receiving sec- 
tion. After measuring the pressure of the permanent 
gases produced, the receiving section was evacuated. 
The liquid air used for cooling traps H2 and H; was 
replaced by a solid CO:-acetone mixture, to allow 
volatilization of the C2 hydrocarbons previously con- 
densed in these traps. Their amount was subsequently 
determined by pressure measurement. 


ROBERTS, AND SZWARC 





The composition of both fractions of the gaseous 
products was determined by combustion to COs: over 
red-hot copper oxide. The permanent gas was shown 
to be methane only while the second fraction was shown 
to consist of C2 hydrocarbons, which were assumed to 
be ethane. 


RESULTS OBTAINED BY THE STATIC TECHNIQUE 


In the presence of excess toluene both methane and 
ethane are produced, the relative amounts depending on 
the temperature and on the toluene/peroxide ratio. The 
fraction of ethane, expressed as C2H6/(CH4+C2H,), 
is usually between 40 and 70 percent. Its dependence on 
the toluene/peroxide ratio is illustrated in Table I(c). 
Table II shows the results of seven experiments in 
which no toluene was present. The proportion of ethane 
is increased, up to 96 percent, and this shows that some 
methyl radicals do indeed react with toluene producing 
methane. 

The first-order rate constants were calculated on the 
basis of the following mechanism: 


(CH;)3C—O—O—C(CHs3);—2(CHs3)3CO- (1) 
(CH;)3CO-—>CHj+CH;COCH; (2) 
2CH;:—C2He (3) 
CH;:+CsH;CH;>CHi+ CeHsCH2- (7) 
2C,H;CH2-—dibenzyl (8) 
CsH;CH2: +CH3-—CsH;CH2CHs. (9) 


Since technical difficulties prevented us from proving 
or disproving the presence of dibenzyl or ethylbenzene 
in the products, the rate of reaction (1) was calculated 
in two ways: 


(a) Assuming that all benzyl radicals formed in reac- 
tion (7) give ethylbenzene according to reaction (9). In 
this case one mole of methane or one mole of ethane re- 
sults from the decomposition of one mole of peroxide. 
The rate constants, k, quoted in all tables except 
Table III, were calculated in this way. 

(b) Assuming that all benzyl radicals dimerize [reac- 
tion (8) ]. In this case, one mole of peroxide decomposes 
to produce either one mole of ethane or two moles of 
methane. The rate constants, k’, quoted in Table III 
were calculated on this basis. The difference in the 
values of k and k’ is not large, about 20 percent at the 


TABLE II. Decomposition of di-t-butyl peroxide without toluene. 











Peroxide Time Percent kX105 Percent 
Expt. g T°C (min) decomp. (sec™) C2Hs 

41 0.561 129 90 10.0 1.97 96 
39 0.556 138 72 17.0 4.3 96 
36 0.398 149 26 18.5 13.0 96 
30 0.380 150 45 32 14.3 74(?) 
35 0.308 152 28 34 16.7 96 
32 0.310 152 24 20.0 15.4 96 
31 0.340 152 * (SZ 27.5 16.7 96 
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higher temperatures and 40 percent at the lower tem- 
peratures, since the maximum loss of methyl radicals 
by (9) is given by the amount of methane—a benzyl 
radical must be produced from (7) before (9) can follow 
—and in most experiments there is more ethane than 
methane. 

Table IV gives all the values of k between 120°C and 
170°C. The reproducibility is particularly good at the 
medium and higher temperatures. Packing the reaction 
vessel with short Pyrex tubes, increasing the surface 
by a factor of 6, did not affect the rate of decomposition 
(see Table I). If the dimerization of methyl radicals 
were a wall reaction, packing would be expected to 
cause an appreciable increase in the proportion of 
ethane but this was not observed. 

The kinetics of the decomposition obeyed the first- 
order law, as was shown by varying the partial pressure 
of peroxide by a factor of 3 [see Table I(a)] and by 
varying the time of reaction by a factor of 3 [Table 
I(b) ]. It was shown also that the rate of decomposition 
was independent of the partial pressure of toluene, 
although the proportion of methane in the products 
increased with increasing toluene/peroxide ratio [Table 
I(c) |. This observation shows that the decomposition 
of the peroxide is not .a chain reaction.* 

The activation energy of the decomposition was 
estimated as 342 kcal/mole. The plot of log & against 
1/T is given in Fig. 2. The use of k’ in place of k makes 

TaBLE IIT. Results calculated on the assumption that benzyl 


radicals dimerize i.e., k’ is calculated on the basis of assump- 
tion (b). 











Percent k’ X105 Percent k’ X105 
Expt. decomp. (sec™) Expt. decomp. (sec!) 
26 te 0.40 25 10.5 6.1 
15(P) 6.5 0.47 13(P) 10.5 A 
27 6.0 0.48 24 32 5.8 
42 9.0 0.65 23 12.0 yp 
6(P) 4.5 (0.6) 12(P) 10.5 6.3 
5(P) 4.0 0.55 22 22.0 7.7 
29 7.0 0.67 21 14.0 8.4 
16(P) 6.0 (0.6) 37 31 7.7 
4(P) 4.0 0.57 11(P) 19.5 11.9 
3(P) 6.5 (0.9) 10(P) 13.5 13.2 
28 8.0 0.79 18(P) 20.0 15.9 
2(P) 12 1.02 33 80.5 — 
43 8.5 0.88 20 27.5 17.8 
40 5.5 1.03 19 20.0 20.5 
17(P) 6.5 1.57 9(P) 21.0 21.8 
1(P) 10.0 3.0 34 86.5 _— 
38 17.0 4.1 44 36 37 
14(P) 19.5 4.0 45 35 45 
7(P) 11.5 4.1 8(P) 34 49 








(1) Experiments in the packed reaction vessel are denoted by (P). 

(2) In experiments 3, 6 and 16, amounts of C2 products were small, and 
hence less accuracy is claimed for these results. 

(3) “Percent CsHe’” is expressed as the percent of methyl radicals re- 

ore 


combining to ethane, i.e., Ge +CH, 


<untntncemnsieenes 


*The striking fact is that even in the absence of toluene the 
Values of k remain unchanged. On the other hand, the values of k’ 
are higher if toluene is absent. The constancy of & values is the 
reason that we consider that under our experimental conditions 
the benzyl radicals react with methyl radicals rather than dimerize 
to dibenzyl. Hence, we consider & values (and not &’ values) as 
the correct rate constants. 
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(London) A198, 267 and 285 (1949). 
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TABLE IV. Decomposition of di-t-butyl peroxide with excess 
toluene. The unimolecular rate constants & are calculated on the 
basis of assumption (a). 











Toluene 
peroxide 
Peroxide (molar Time Percent &X105 Percent 
Expt. g ratio) rc (min) decomp. (sec) CsHe 
26 1.310 4.5 116 140 4.5 0.51 56 
15(P) 0.720 7 119 240 9.5 0.66 37 
27 0.950 7 122 200 8.0 0.65 48 
42 0.613 17 124 250 14.0 1.01 33 
6(P) 0.668 6.5 124 120 6.5 (0.9) 32 
5(P) 1.034 4.5 124 120 6.0 0.85 31 
29 0.957 5 125 180 9.0 0.84 54 
16(P) 0.438 8.5 125 160 9.0 (0.9) 31 
4(P) 1.295 aS 125 120 6.0 0.85 34 
3(P) 0.355 9.5 125 120 9.5 (1.3) 40 
28 0.759 6.5 126 180 11.0 1.08 49 
2(P) 0.613 7 126 120 10.5 1.56 38 
43 0.907 11.5 127 170 12.5 1.31 38 
40 1.037 6 130 90 a2 1.35 47 
17(P) 0.673 5.5 136 70 10.0 2.33 31 
1(P) 0.670 6 139 60 15.0 4.5 36 
38 0.490 12 144 76 24.0 5.9 44 
14(P) 0.326 10 144 90 28.0 6.1 39 
7(P) 0.564 7.5 144 50 16.5 6.1 35 
25 1.126 5.5 147 30 13.0 7.9 57 
13(P) 0.577 8 147 35 16.0 8.2 33 
4 0.300 13 148 112 43 8.5 49 
23 0.821 6 148 30 15.5 9.2 60 
12(P) 0.350 12.5 148 30 15.5 9.5 36 
22 0.382 10.5 150 55 29.0 10.4 54 
21 0.438 9.5 150 30 18.0 11.1 55 
37 0.240 27 151 80 47 13.2 32 
11(P) 0.357 10.5 154 30 27.0 17.5 44 
10(P) 0.427 9.5 155 18 20.0 19.3 34 
18(P) 0.323 12 157 24 28.0 22.8 46 
33 0.159 14 157 235 106 — 52 
20 0.310 13 158 30 35 24.1 56 
19 0.318 13.5 158 18 25.5 27.1 56 
9(P) 0.418 10 160 18 28.5 31 46 
34 0.172 11 163 255 113 — 53 
44 0.261 25 165 20 48 54 48 
45 0.213 14 166 16 42 58 65 
8(P) 0.403 5.5 167 14 40 62 67 








(1) Experiments in the packed reaction vessel are denoted by (P). 
(2) In experiments 3, 6 and 16, the amounts of C2 products were small, 
and hence less accuracy is claimed for these results. 
(3) “‘Percent C2He” is expressed ong percent of methyl radicals re- 
2He 


combining to ethane, i.e., Gh +CH, ° 


a negligible difference to these values. (In fact, the plot 
of log k’ was given in our preliminary note,® and this 
corresponds to an activation energy of 34 kcal/mole). 


DESCRIPTION OF THE FLOW TECHNIQUE 


The apparatus and the experimental technique have 
been described elsewhere.? The vapor of the peroxide, 
mixed with a carrier gas, flowed through a silica reac- 
tion vessel, heated electrically to the desired tempera- 
ture. The products leaving the reaction vessel were 
introduced into a trap cooled to —80°C, where all the 
condensible products were retained. The noncon- 
densible gases were pumped continuously into a stor- 
age vessel, their amount and composition being de- 
termined at the end of each experiment. Since toluene 


8M. Szwarc and J. S. Roberts, J. Chem. Phys. 18, 561 (1950). 
®M. Szwarc, J. Chem. Phys. 17, 431 (1949); Proc. Roy. Soc. 
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Fic. 2. E=34+2 


(CH;)3.CO.0.C(CH3)3—>2(CH3)3.CO’ ; 
kcal/mole=4.10" sec. ©. Experiments in which toluene is 
present. @. Experiments in which toluene is absent. 


or benzene were used as carrier gases, the only non- 
condensible gases consisted of the methane and 
ethane formed in the decomposition of the peroxide. The 
amount of methane produced in these experiments was 
very small, usually less than 6 percent of the amount 
of ethane formed in the same run. It was immaterial, 
therefore, whether the decomposition was measured by 
(CsHe+CHy) or by (CoHs+3CHs4) (see the preceding 
section). Actually, all the results reported here were 
calculated on the assumption that one mole of ethane 
or one mole of methane was formed for each mole of 
peroxide decomposed.t 

It was shown that the decomposition of di-/-butyl 
peroxide is a homogeneous, first-order reaction. The 
homogeneity was proved by packing the reaction vessel 
with silica wool, which increased the surface by a factor 
of 8. The relevant results are quoted in Table V. The 
first-order nature of the process was demonstrated by 
varying the partial pressure of peroxide by a factor of 
24 (Table VI) and by varying the time of contact by a 
factor of 3 (Table VII). It was shown also that the rate 
of decomposition was independent of the carrier gas 
and of its nature (Table VIII). Inspection of Table VIII 











TABLE V.* 
Interpolated to 
Experiment r ei k X10? common temperature 
28(P) 481 44 kugg=5.1X107 
38 484 6.7 kagg3=6.2X 10°? 
40 484 oe kagg=4.8X 107? 
34 512 41 ksig=53X107? 
25(P) 520 66 Rksig=51X107 








* (P denotes experiment in packed reaction vessel). 


t To show the correctness of the assumption, the decomposition 
was carried to completion, when the amount of (CH,+(C2H¢) 
formed was equivalent to the amount of peroxide introduced. 
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TABLE VI. 
Partial 
pressure of 
Experi- peroxide k X102 Interpolated to 
ment T°K mm Hg sec™! common temperature 
9 482 0.05 5.4 Rago=5.4X 107 
28 481 0.7 4.4 Rago=4.8X 107 
5 §25 0.04 100 kso5= 100 102 
26 524 0.8 87 ksos= 94X10 








shows, however, that in the presence of toluene the 
proportion of methane in the products was higher than 
in the presence of benzene. This observation implies 
that the activation energy for the reaction, 


CH; . + C.sH;CH;—CH,+ C.H;CH2 ‘ 
is lower than that for the reaction, 
CH3-+CsHp>CHz+ CoH; - 


Table [IX summarizes all the results and Fig. 3 gives 
the plot of log & against 1/7. The straight line corre- 
sponds to an activation energy of 36 kcal/mole. 


DISCUSSION 


We are now in a position to summarize the experi- 
mental facts obtained in our investigations using both 
the static and the flow techniques. 

The kinetics of the decomposition were shown to be 
of the first-order for the 1000-fold variation in the 
partial pressure of peroxide. (The lowest partial pressure 
in the flow experiments was about 0.05 mm Hg, the 
highest partial pressure in the static experiments was 
about 50 mm Hg.) The rate was independent of the 
nature and pressure of the foreign gas, and the reaction 
was homogeneous under all conditions. 

The results obtained in both the static and flow 
techniques are plotted together in Fig. 3.f Inspection 
of the results in the region 170-180°C shows that the 
flow technique gives rate constants which are about 
40 percent higher than those obtained in the static 
experiments. This discrepancy seems to be due to some 
uncertainty in the temperature scale and (in the flow 
experiments) in the time of contact. The reading of the 
thermometer used in the static experiments was com- 
pared with the reading of the thermocouple used in the 











TaBLeE VII. 
Time of 
Experi- contact k X102 Interpolated to 
ment TK (sec) (sec™!) common temperature 

9 482 0.46 5.4 kaso =5.4X 107 
40 484 1.9 $2 Rago =4.5X 107 
38 484 2.1 6.7 kago=5.7X 107 

3 519 1.10 67 kso=72X 107 

25 520 0.43 66 ks20=66X 107 








t For comparison we include the results of Rust and Vaugha? 
(reference 4) in Fig. 3. 
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TABLE VIII. 
k X10? Percent 
Experiment Carrier gas tins 4 (sec™1) CH, 
30 Benzene 491 8.5 1 
31 Toluene 493 9.5 3 
20 Benzene 519 67 1 
3 Toluene 519 67 12 
21 Benzene 526 115 1 
24 Toluene 526 110 3 








flow experiments. The agreement was satisfactory, the 
difference being less than 1°C. However, there is a tem- 
perature variation of about +2°C in the reaction vessel 
used in the flow system and a variation of about +1°C 
in the flask used in the static experiments. This might 
account for 20 to 30 percent error. The uncertainty in 
the time of contact in the flow experiments is of the 
order of 25 percent. These uncertainties are of such a 
nature that they do not affect appreciably the relative 
ratio obtained in one particular system, and hence they 
do not affect the activation energy obtained in either 
series of experiments. In conformity with this conclu- 
sion we find that the values of the activation energy 
obtained in the two series of experiments agree within 
experimental error. 

The experimental error in the activation energy esti- 
mated by the flow technique is of the order of +1 
kcal/mole (for a temperature range of 100°C, from 
180°C to 280°C). The results obtained in the static 
system are uncertain by about +2 kcal/mole, the tem- 
perature range being only 50°C (from 120° to 170°C). 
If we scale up by log(rate in flow/rate in static) all 


lore) 
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Fic, 3. (CH3)3.CO.0.C(CHs)s—2(CHs)3.CO. 
E=36+1 kcal/mole. 
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TABLE IX(a). Decomposition of di-t-butyl peroxide using toluene 
as a carrier-gas.* 











Partial 
pressure Time 
of per- Total of Percent Per- 
Experi oxide pressure contact decom- kX102 cent 
ment T°9K (mm) (mm) _ (sec) position (sec!) CHa 
41 451 1.1 48 21 0.63 0.31 —_ 
42 4533.3 18.5 3D 0.89 0.30 7 
43 455 3.4 5 649 1.10 0.38 5 
44 459 3.5 i377 )6=—l 38 1.55 0.52 5 
41 462 1.8 156 23 2.6 0.92 7 
27(P) 479 0.7 11.4 0.46 1.50 3.6 ~e 
28(P) 481 0.7 11.5 0.47 2.0 44 4 
10(P) 482 0.06 11.0 0.46 2.5 5.4 — 
9(P) 482 0.05 10.7 0.46 2.5 5.4 — 
38 484 1.4 16.1 2.1 13.0 6.7 6 
39 484 14 16.8 2.8 17.5 6.8 5 
40 484 0.4 16.2 1.9 9.6 5.2 6 
31(P) 493 0.9 11.0 0.43 4.0 9.5 3 
32(P) 493 0.9 11.3 0.44 4.1 9.6 3 
1 496 0.10 15.1 1.20 17.0 15.5 13 
2 498 0.10 15.0 1.20 20 18.5 10 
12(P) 510 006 10.7 044 13.5 33 11 
13(P) 510 0.05 10.7 044 14.5 36 10 
33 510 0.8 115 044 140 34 3 
34 Siz O8 115 044 165 41 2 
4 519 0.10 15.5 1.20 58 72 10 
3 519 0.09 15.2 Lm 32. 67 12 
25(P) 520 1.2 114 043 25 66 2 
26(P) 524 08 11.7 045 32 87 2 
5(P) 525 004 114 044 36 100 11 
6(P) 525 0.04 110 043 34 95 _ 
24(P) 526 0.7 10.2 044 39 110 3 
11(P) 530 0.03 10.7 042 38 120 13 
16(P) 531 0.09 5.3 0.50 53 150 3 
17(P) 533 0.09 5.1 0.47 52 155 3 
8(P) 533 0.07 10.7 042 50 165 10 
15(P) 537 0.08 52 O30 67 220 3 
14(P) 538 0.07 57 66s 6G 200 4 
36 538 = 0.6 114 043 59 210 2 
35 543 0.7 14S 045 72 290 2 
7(P) 545 0.06 10.7 042 71 300 8 
37 559 0.62 10.3 0.41 103 — 2 








* P denotes experiments in packed reaction vessel. 


TABLE IX(b). Benzene used as a carrier-gas.* 








Partial 





pressure Time 
of per- Total of Percent Per- 
Experi- oxide pressure contact decom- k X10? cent 
ment T°K (mm) (mm) (sec) position (sec) CHs 
29(P) 491 0.9 10.0 0.44 35 8.1 (1) 
30(P) 491 0.7 10.0 0.45 3.8 8.5 (1) 
20(P) 519 0.05 114 0.41 24 67 1 
18(P) 523 0.07 12.2 0.38 27 83 1 
23(P) 524 0.07 9.5 0.41 30 87 — 
22(P) 524 &# 0.05 15.8 0.43 32 92 1 
21(P) 526 0.06 10.9 0.39 36 115 1 
19(P) 527 0.04 11.5 0.37 37 125 1 








* P denotes experiments in packed reaction vessel. 


the results from the static technique, then in view of 
the argument given in the preceding paragraph we can 
compare both sets of results and we find that the 
straight line corresponding to E=36 kcal/mole fits all 
the experimental points, including those obtained by 
Rust and Vaughan. The frequency factor correspond- 
ing to E=36 kcal/mole is 4.10'-7.10" sec“ (the scat- 
tering being due to uncertainties in the absolute value of 
rate constants). 
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BOND DISSOCIATION ENERGIES 
Assuming zero activation energy for the recombina- 
tion reaction, 
2(CH3)sCO-—(CH3)sCO—OC(CHs)s, 


we conclude that the O—O bond dissociation energy in 
di-i-butyl peroxide is 36 kcal/mole. This value makes it 
possible to calculate the heat of formation of the 
radical (CH;)3;CO- from the equation, 


D[(CHs) 3sCO—OC(CHs) 3] = 2AH sL(CHs) 3CO- ] 
— AH,[(CHs)sCOOC(CHs)s]. 


Using the heat of formation of the peroxide given by 
Vaughan ef al., we estimate AH,[{(CH;)3CO.|=—23 
kcal/mole. This value leads to the O—H dissociation 
energy in é-butyl alcohol.§ 


D[t. Cs4HyO— H ]= 106 kcal/mole, 
and to the O—O dissociation energy in tertiary butyl 
§ AH; for t-butyl alcohol given by Vaughan in reference 3. 


JANZ, 


AND RUSSELL 


hydroperoxide 
D(t. CsHyO—OH) = 39 kcal/mole. 


We have to point out that the value for D[(CHs);. 
CO—O.C(CHs3)3] cannot be computed from any 
thermochemical cycles if one uses values for D(H—H), 
D(O—O), D(R-—H), and D(R—OH) only.|| The 
thermochemical cycle quoted by Raley, Rust, and 
Vaughan (reference 3, p. 92) used a value of D(R—OH) 
where D(R—O) in RO radical should be used, i.e., the 
equation applied was 


D(RO—H)=D(R—H)+3D(O—0) —D(R—OH)+AE, 
while the correct equation which should be used reads 
D(RO— H)=D(R—H)+3D(O—0O)—D(R—O)+AE. 


Since the value of D(R—O) in the radical RO is un- 
known, the computation of D(RO—OR) cannot be 
completed by this method. 


|| R denotes (CH3)3.C. 
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Infrared and Raman Spectra of Methylhydrazine and Symmetrical Dimethylhydrazine* 
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Raman spectra for liquid methylhydrazine and sym-dimethylhydrazine, and infrared spectra for both 
liquid and vapor methylhydrazine and sym-dimethylhydrazine in the region 1600-650 cm™ have been ob- 
tained. Frequency assignments are proposed for methylhydrazine and sym-dimethylhydrazine. The strong 
polarization of the Rayleigh scattering from these two compounds is explained on the basis of associated 


structures of approximately spherical symmetry. 


ECENTLY, a series of measurements has been 

carried out in the Cryogenic Laboratory of this 
college on the thermodynamic properties of methyl- 
hydrazine and symmetrical dimethylhydrazine.' In 
order to compare the entropies determined experi- 
mentally with those calculated from molecular and 
spectroscopic data, assignments of the fundamental 
vibrational frequencies of these two molecules are 
required. For this purpose Raman data on methyl- 
hydrazine are already available from the work of 
Kahovec and Kohlrausch,? and on sym-dimethylhydra- 
zine from that of Kahovec and Kohlrausch? and West 


* This research was carried out under Contract N6onr-269, 
Task Orders III and V, of the ONR. 

¢ At present with Courtauld’s Ltd, Maidenhead, Berks, 
England. 

t Present address: Department of Chemistry, Rensselaer 
Polytechnic Institute, Troy, New York. 

§ Department of Chemistry, The University, Manchester, 
England. 

1 Aston, Janz, and Russell (to be published). 

2 L. Kahovec and K. W. F. Kohlrausch, Z. physik. Chem. B38, 
96 (1937). 


and Killingsworth.* Considerable divergences appear 
in the results on sym-dimethylhydrazine, however, and 
the Raman spectra of both compounds have been 
reinvestigated with samples of known purity. As there 
are no published infrared data on methylhydrazine and 
sym-dimethylhydrazine, infrared spectra have been 
obtained in the rock salt region in both the liquid and 
vapor phases. Assignments for methylhydrazine and 
sym-dimethylhydrazine based on these data are pre- 
sented here, together with some comments on hydrogen 
bonding in the liquid phase. 


EXPERIMENTAL 


The samples of methylhydrazine and sym-dimethyl- 
hydrazine were identical with those used in the caioti- 
metric studies. They were prepared according to the 
methods of Organic Synthesest and were purified by 


3 W. West and R. B. Killingsworth, J. Chem. Phys. 6, 1 (1938): 


4 Organic Syntheses (John Wiley and Sons, Inc., New York; 
1943), collective Vol. II, pp. 208, 395. 
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TABLE I. Infrared and Raman spectra of methylhydrazine 
(all measurements at 30°C, approx).*:> 





TABLE II. Infrared and Raman spectra of sym-dimethylhydrazine 
(all measurements at 30°C, approx).*'> 

















. Infrared Infrared 
aman Vv h 
Data of eee Raman peth taagth 
Kahovec Liquid phase =10 cm, Data of Data of Liquid phase =10cm, 
and cell thickness vap. press. West and Kahovec and cell thickness vap. press. 
Kohlrausch Present work =0.026 mm =46 mm Killingsworth Kohlrausch Present work =0.026mm =46mm 
281 (1) 156 (3b) 
322 (1) 270 (1/2) 
445 (2) 443 (M) sp 814 (S) 770 (S) 430 (1/2) 422 (S) sp 
819 (4) 816 (Mb) pp 951 (S) 886 (S) 473 (2) dp 476 (2) 483 (VS) pp 
934 (W) 580 (1/2) 
975 (1) 982 (Wb) sp 984 (M) 969 (M) 753 (S) 720 (S) 
1010 (1) 
1042 (M) 810 (2b) 790 (Mb) dp 801 (W) 
1098 (W) dp 1099 (S) 1103 (W) 925 (10) 923 (M) sp 918 (S) 865 (S) 
1092 (36) 1117 (W) dp 1118 (M) 1122 (W) 910 (W) 
1137 (W) dp 1010 (2) 1010 (1b) 1019 (S) dp 1022 (W) 
1188 (2) 1025 (10) 
1209 (2) 1197 (W) sp 1207 (M) 1197 (V.W.) 1042 (S) 1045 (W) 
1220 (V.W.) 1055 (W) 
1278 (V.W.) 1086 (W) 
1308 (M) 1296 (W) 1096 (3b) 1091 (S) sp 1098 (S) 1099 (W) 
1415 (1?) 1412 (M) dp 1110 (M) dp? 1112(M) 1114 (W) 
1450 (45) 1441 (Sb) dp 1443 (S) 1118 (2) 1123 (1b) 1132 (M) dp? 1137 (W) 
1474 (S) 1464 (M) 1201 (2) 1203 (2b) 1203 (S) sp 1208 (S) 1197 (W) 
1615 (10) 1587 (Wb) dp 1615 (M) 1301 (2) 
1741 (00?) 1405 (2b) 1405 (VS) dp 
2778 (10) *2778 (S) 1446 (4b) 1442(VS) dp 1453(S) 1456 (M) 
2865 (4b) *2865 (Mb) sp 1465 (5) 1473 (3b) 1476(VS)dp 1477(S) 1476 (M) 
2933 (126) *2933 (Sb) sp 1605 (0) 
2965 (8) *2965 (Mb) dp 2790 (6) sp 2776(8b) 2790 (VS) sp 
3177 (8) *3177 (W) sp 2824 (VS) pp 
3245 (8vb) *3245 (Wb) sp 2838 (4) dp 2840 (6b) 2843 (VS) pp 
3317 (66) *3317 (Wb) sp 2867 (4) dp 2875 (7b) 2916 (VS) dp 
2940 (10) sp 2940 (12b) 2946 (VS) dp 
' ; 2973 (9) dp 2973 (2b) — 
* Bands marked with an asterisk were observed on our plates but were 3099 (3) (3170) (4b) a 
Kahov oO sed. 
*, iecaates te our montmemente aot given an VW. W. BL. & regre- 3226 (00) ep 3219 (58) 3223 (S) ep 
senting very weak, weak, medium, strong, respectively. 3319 (6) dp 3319 (3d) 3294 (W) pp 


b Polarizations are given as dp, depolarized; pp, partially polarized; 
sp, strongly polarized. 


distillation and fractional melting.’ The solid insoluble 
impurity was found to be 0.25 mole percent for methyl- 
hydrazine and 0.38 mole percent for sym-dimethyl- 
hydrazine. 

The Raman spectrograph used in these investigations 
has already been described.*? The Raman spectra are 
listed in Tables I and II and agree in the main with 
those obtained by Kahovec and Kohlrausch. It was 
impossible to find any frequencies below 350 cm™, 
despite the extremely intense exposures obtained with 
low pressure mercury arcs and a praseodymium nitrate 
filter. The Raman lines were very broad in many cases, 
and it was often difficult to decide the exact positions 
of the line centers. 

Infrared spectra of methylhydrazine and sym- 
dimethylhydrazine were obtained for both the liquid 
and vapor phases. Experimental difficulties in handling 
the extremely reactive methylhydrazine in the liquid 
phase made it impossible to obtain accurate percentage 
transmission curves for this substance, but it was 
possible to obtain reasonably accurate values for the 
a9 G. Aston and S. V. Mastrangelo, Analytical Chem. 22, 636 

. a Scott, and Fenske, Ind. Eng. Chem. Anal. Ed. 14, 816 


(1942). 
7 Rank, Sheppard, and Szasz, J. Chem. Phys. 16, 698 (1948). 








« Intensities in our measurements are given as W, M, S, VS, representing 
weak, medium, strong, very strong, respectively. 

b Polarizations are given as dp, depolarized; pp, partially polarized; 
sp, strongly polarized. 


positions of the main bands along with the general 
features of the spectra. All traces were taken on a 
Perkin-Elmer spectrometer (Model 12c), with a rock- 
salt prism, used in conjunction with a Brown recorder. 
The results of these infrared investigations are listed 
in Tables I and II for the region 1600-650 cm~. The 
bands near 3000 cm also were obtained, but the low 
resolution at these wavelengths makes a comparison 
with the Raman spectra of doubtful value. 


DISCUSSION 


If methylhydrazine and sym-dimethylhydrazine pos- 
sess a skew configuration similar to that of the parent 
molecule hydrazine,® neither of these molecules belongs 
to a symmetry class higher than C; and all fundamental 
modes are infrared and Raman active. A comparison 
of the infrared and Raman spectra of liquid sym- 
dimethylhydrazine shows a number of coincidences 
confirming the absence of a center of symmetry. 

Before attempting detailed assignments, the general 
principles used to distinguish between the skeletal 


8 W. G. Penney and G. B. B. M. Sutherland, Trans. Faraday 
Soc. 30, 898 (1934). 
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TABLE III. Assignments for methylhydrazine and sym-dimethylhydrazine. 








Methylhydrazine 


Dimethylhydrazine 





Mode Frequency (cm™~) Mode Frequency (cm~!) 
Skeletal bending 443 Skeletal bending 422, 483 
Skeletal stretching 816, 1103 Skeletal stretching 801, 1019, 1099 
NH: sym. deformation 1587 N—H deformation 720, 865, 1132, 1114 
NH: wagging and rocking 886, 1137 CH; wagging 1045 (2), 1197 (2) 
NH deformation 770, 1122 CH; deformation 1405 (2), 1456 (2) 
CH; wagging 969, 1197 1476 (2) 
CH; deformation 1412, 1441, 1474 C—H stretching 2824, 2843, 2916 (2), 2946 (2) 
C—H stretching 2865, 2933, 2965 N-—H stretching 3223, 3294 


N-—H stretching 3177, 3245, 3317 








stretching and CH and NH deformation modes that 
occur between 1300 and 700 cm will be discussed. It 
appears to be a general rule*!? that a low skeletal 
stretching mode of a chain of C, N, and O atoms occurs 
in the Raman effect as a strong line between 800 and 
950 cm™, whereas the higher unsymmetrical modes are 
usually of fair strength in both the Raman and infrared 
spectra. When polar linkages are involved, e.g., C—O, 
or C—N asin the present case, one of the high frequency 
modes is often very strong in the infrared, presumably 
because the vibration involving the polar linkage gives 
rise to a large change in dipole moment. All straight 
chain alcohols, for example, show a strong absorption 
between 1050 and 1085 cm~ which is usually referred 
to as a C—O stretching mode."'” 

There is considerable evidence for hydrogen bonding 
in liquid methylhydrazine and sym-dimethylhydrazine, 
so that marked shifts in frequencies involving the N—H 
linkages might be expected on passing from the vapor 
to the liquid state. It is well established that when 
involved in hydrogen bonding the X—H stretching 
mode is always lower in frequency in the liquid state as 
compared to the vapor. 

Furthermore, in the case of water and hydrogen 
peroxide, and probably of methyl alcohol, the OH 
deformation frequency increases on passing from vapor 
to liquid.» In the infrared spectra of both methyl- 
hydrazine and sym-dimethylhydrazine, there occur two 
extremely strong absorptions in the vapor state between 
700 and 900 cm which are considerably increased in 
frequency (by 40-70 cm~) in the liquid phase. These 
have, accordingly, been assigned to deformation modes 
involving the NH and NH: groups. 

In assigning the methyl wagging and the skeletal 
modes, reference has been made to the assignment for 
n-butane.!® The NH: deformation modes have been 


9K. W. F. Kohlrausch, Ramanspektren (Becker and Eiler, 
Leipzig, 1943), p. 221, Fig. 84. 

1 N. Sheppard and G. J. Szasz, J. Chem. Phys. 17, 86 (1949). 

1 J. Lecomte, Traite-de Chimie Organique (Grignard and Baud, 
Masson, Paris, 1936), Vol. 2, pp: 143-293. 

See the spectra of straight chain alcohols in Barnes, Gore, 
Liddell and Williams, Infra-Red Spectroscopy (Reinhold Pub- 
lishing Corporation, New York, 1944). 

13M. M. Davies, Ann. Repts. Prog. Chem. (London) 43, 5 
(1946). 

4 P, A. Giguere, J. Chem. Phys. 18, 88 (1950). 

16 Szasz, Sheppard, and Rank, J. Chem. Phys. 16, 704 (1948). 


picked out by comparison with the spectra of hydra- 
zine'* and methylamine.” The assignment of CH and 
NH stretching and CH; deformation modes is a well- 
established procedure, and there is little doubt about 
the skeletal bending modes. 

The assignments given in Table III for the contro- 
versial region 700-1350 cm are discussed briefly 
below. It should be emphasized that as far as the 
methyl wagging modes and a few of the NH deformation 
modes are concerned, the assignment is to some extent 
schematic and may have to be changed in detail at a 
later date. 

In methylhydrazine the strongest Raman line in the 
region 800-1000 cm™ lies at 816 cm™, and, accordingly, 
this has been selected as the lowest skeletal stretching 
mode.|| Similarly, the strongest infrared band in the 
region 1050-1150 cm™, viz., at 1099 cm (1103 cm™ 
in the vapor), has been chosen for the higher skeletal 
stretching mode. In accordance with the earlier discus- 
sion, the strong vapor phase infrared absorptions at 
770 cm and 886 cm~ (814 cm— and 951 cm™ in the 
liquid) are allocated to NH and NH, deformation 
modes. In methylamine the NH2 wagging mode occurs 
at 783 cm™,!” while in hydrazine there are two such 
modes near 830 and 950 cm7;'!® 886 cm7 has been 
chosen as the corresponding mode in methylhydrazine. 
Since strong absorptions occur in sym-dimethylhydra- 
zine between 700 and 900 cm, it is safe to choose 
770 cm~ as a deformation mode involving the lone NH 
grouping. By analogy with methylamine,!” the sym- 
metrical NH: deformation is certainly at 1587 cm™ in 
the liquid. The band at 1197 cm~ is assigned as a CH; 
wagging mode, since it also is observed in the infrared 
spectrum of unsymmetrical dimethylhydrazine and 
cannot therefore be allotted to an N—H deformation 
vibration. There remain four frequencies, 1137, 1296, 
969, and 1122 cm™ which might reasonably be con- 
sidered as fundamentals. Of these, the frequency at 
1137 cm has been chosen as the NHe rocking mode 


16 Scott, Oliver, Cross, Hubbard, and Huffman, J. Am. Chem. 
Soc. 71, 2293 (1949). é 

17 A. P. Cleaves and E. K. Plyler, J. Chem. Phys. 7, 563 (1939). 

|| The strong Raman line at 816 cm~ seems to coincide wit 
the shifted 814 cm™ infraredabsorption, yet the mode should be 
weak in the infrared. An accidental degeneracy has therefore to 
be assumed; i.e., separate modes at 814 cm™ and 816 cm™ have 
been assigned. 
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by analogy with the spectrum of hydrazine and methyl- 
amine.!*-!7 The frequency at 969 cm™ has been assigned 
as the other methyl wagging mode (see reference 15), 
and the one at 1122 cm™ as the remaining NH defor- 
mation vibration. No reasonable assignment is available 
for the band 1296 cm™, and it is assumed to be a 
combination or difference frequency. 

No attempt has been made to assign the torsion 
modes. Kohlrausch reports two frequencies in the region 
below 350 cm, but, as stated earlier, these results 
were not duplicated in the present investigation. 

In sym-dimethylhydrazine, similar arguments lead 
to the selection of 801 and 1099 cm™ as two of the 
skeletal stretching modes. The third might be expected 
to lie between 900 and 1050 cm by analogy with 
n-butane,!® and 1019 cm™, a line which is weak in the 
infrared and strong and depolarized in the Raman, has 
been chosen for this mode. The strongly shifted bands 
at 720 cm and 865 cm~ are attributed to NH defor- 
mation modes, as also is 1114 cm, while the line at 
1132 cm™ is chosen as the remaining NH deformation 
mode. The bands at 1045 cm and 1197 cm have 
been allocated in semischematic fashion to the CH; 
wagging modes, each being assigned a double degen- 
eracy. 


ROTATIONAL ISOMERISM IN METHYLHYDRAZINE 


Rotational isomerism in methylhydrazine may give 
rise to a trans form and two skew forms (see Janz and 
Russell!*). Measurements of the Raman spectrum of 
this compound were made at different temperatures in 
an effort to discover whether temperature had any 
significant effect on the relative concentrations of the 
various forms. The Raman spectrum of liquid methyl- 
hydrazine at —48°C showed no detectable changes in 
the relative intensities of any of the lines as compared 
with the spectrum at 30°C. Janz and Russell'* conclude 
from entropy studies that gaseous methylhydrazine 
exists primarily as a single skew form, and these Raman 
results indicate that the same conclusion holds for 
liquid methylhydrazine at 25°C. 


RAYLEIGH SCATTERING AND HYDROGEN BONDING 


The comparatively high boiling points of hydrazine, 
methylhydrazine, and sym-dimethylhydrazine are a 
good indication of hydrogen bonding in the liquid phase. 
The boiling points decrease with increasing methyl 
substitution, suggesting that hydrogen bonding de- 
creases as one proceeds from hydrazine to sym-dimethy]l- 
hydrazine. The extent of hydrogen bonding in the liquid 
phase must be considerable even in sym-dimethyl- 
hydrazine, however, as is evidenced by the frequency 





8G. J. Janz and K. E. Russell, J. Chem. Phys. 17, 1352 (1949). 


shifts observed in passing from the liquid to the vapor 
state. The Raman lines of all three substances are 
unusually broad, and this effect may also be attributed 
to hydrogen bonding. 

To obtain further information, measurements have 
been made on the polarization of the Rayleigh scattering 
from methylhydrazine, using essentially the experi- 
mental method of Douglas and Rank.” These results 
may be used to investigate the symmetry of the 
scattering unit (see Bhagavantam”). It was pointed 
out to us by Rank that, in the liquid state, linear or 
planar molecules almost invariably yield depolarized 
Rayleigh scattering. The heavy atoms seem to deter- 
mine the effective shape of the scattering particle. 
Usually when definite association is present the Ray- 
leigh scattering is strongly polarized. A more extreme 
example of this phenomenon exists in the case of light 
scattering from colloids and glasses, where it is well 
known that molecular clustering must approximate to 
spherical symmetry. Measurements of the polarization 
of the Rayleigh scattering of methylhydrazine gave 
values for rho of 0.034 at 30°C and 0.046 at 70°C. 
These values would suggest an approach to spherical 
symmetry in the scattering unit which is possible only 
if associated structures are considered. Linear or planar 
scattering units would probably yield a rho value 
between 0.2 and 0.6. The value of the rho for sym- 
dimethylhydrazine was 0.02 at 30°C. It is concluded 
from this evidence that there is considerable hydrogen 
bonding in liquid methylhydrazine and sym-dimethyl- 
hydrazine which gives associated structures of approxi- 
mately spherical symmetry. 

Vapor density experiments indicate that hydrazine”! 
and methylhydrazine™ are not appreciably associated 
in the vapor } ase. The above assignments have been 
made using vapor phase frequencies as far as possible, 
this being of particular importance for frequencies 
below about 1000 cm~ in the calculation of the vibra- 
tional entropy contribution. 
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Raman Spectra of Several Compounds Containing Phosphorus 
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Raman spectra of water solutions of NaH2PO2, KH2,PO2, HPO;, NaPO;, KyP207, K2Na2P207, K2H2P20;, 
and Na2H:2P20; were photographed using a Hilger constant-deviation spectrograph. Illumination was pro- 
vided by four Hanovia mercury lamps, the 4358A line being used as the exciting radiation. A system of 
liquid filters reduced the effect of the other mercury lines so that their presence was not objectionable. A 
Wollaston prism made possible the separation of the perpendicular and parallel components of the scattered 
radiation. Intensity and depolarization values were calculated from traces obtained by means of a Kipp 
and Zonen microphotometer. The Raman spectra of the NaH:PO2 and KH2PO; solutions were identical, 
while those of the HPO; and NaPO; solutions differed markedly from each other. The spectra of the four 
pyrophosphate solutions were all similar in appearance, and their spectral lines showed similar relative in- 
tensities and depolarization values. Suggested models have been postulated. 





INTRODUCTION — 


HE Raman spectra of a considerable number of 
compounds of phosphorus have been determined 

by several investigators. The results of most of these 
investigations have been summarized by Hibben.' The 
experimental results are sometimes conflicting, and in 
some cases no general agreement as to structure exists. 
For instance, Simon and Schulze? conclude from their 
studies that the PO, ion of H3PO, contributes primarily 
to the Raman spectrum and deduce a tetrahedral struc- 
ture TJ, for this acid, while Mathieu and Jacques? 
specify a C3, symmetry for the structure of OP(OH)s. 
In view of these facts it was decided to construct an 
apparatus for photographing Raman spectra in order 
to determine the wave number displacements, relative 
intensities, and depolarization ratios of water solutions 
of sodium hypophosphite (NaH2PO2), potassium hypo- 
phosphite (KH2PO2), metaphosphoric acid (HPOs), 
sodium metaphosphate (NaPO;), potassium pyro- 
phosphate (K4P.07), potassium sodium pyrophos- 
phate (K,Na2P:07), potassium acid pyrophosphate 


(K2H2P:0;), and sodium acid pyrophosphate 
(NazH2P.07). 
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Fic. 1. Schematic diagram of equipment used to obtain Raman 
spectra (top view). S: spectrograph. W : Wollaston prism. L: lens. 
D: diaphragm. H: holders for scattering tube. F: filter tube. 
B: baffles. La: lamps. O.B.: large optical bench. 0.b.: small 
optical bench. 


* Now at Newark Colleges of Rutgers University, Newark, 
New Jersey. 

t Now at Newark College of Engineering, Newark, New Jersey. 

1 J. H. Hibben, The Raman Effect and Its Chemical A p plications 
(Reinhold Publishing Corporation, New York, 1939), pp. 382-383. 

2 A. Simon and G. Schulze, Z. anorg. u. allgem. Chem. 242, 367 
(1939). 

3 J. P. Mathieu and J. Jacques, Compt. rend. 215, 346-7 (1942). 
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APPARATUS 


The spectrograph used is a Hilger constant-deviation 
spectrograph. The Raman spectra were photographed 
with a short focus camera on 103a—O Eastman spectro- 
scopic plates. The general experimental setup is shown 
in Fig. 1. A large optical bench carries a small optical 
bench, a diaphragm, two holders for the scattering tube, 
and a holder for the filter tube. The small optical bench 
carries holders for the Wollaston prism and the lens. 
A frame fastened to the table supports lamps which 
provide the illumination. This arrangement allows for 
flexibility of operation. The filter tube (outside diameter 
10 cm, length 16 cm) consists of four concentric glass 
jackets. Running water is passed through the outermost 
jacket for cooling purposes. The other three jackets 
contain stagnant filters. These filters transmit most of 
the light from the 4358A line, while eliminating almost 
completely the rest of the incident radiation. The filters 
are the same as those used by Stamm.‘ The scattering 
tube is made of Pyrex glass, and one end is provided 
with a strain-free window, the other end being bent up 
and blackened. 


PERFORMANCE AND CALIBRATION OF APPARATUS 


The major objective in the construction and assembly 
of the apparatus is to photograph Raman spectra in 
relatively short times. It is felt that this has been 
accomplished, because it is possible to obtain Stokes 
lines of CCl, in 30 seconds using all filters and the 
Wollaston prism. An exposure of 15 minutes gives an 
adequate photographic density for depolarization meas- 
urements of CCly. The Raman lines of CCl, are sharp 
and narrow, and their wave number displacements can 
be determined with a precision of + two wave numbers. 
This precision did not hold for some of the broader 
Raman lines of the phosphates. A deviation of eight 
wave numbers was found in two instances. Depolariza- 
tion measurements check with the values published by 
other investigators. A comparison with the values ob- 


4R. F. Stamm, Ind. Eng. Chem. Anal. Ed. 17, 318-331 (1945). 
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tained by Reitz® is shown in Table I, where the data in 
the first and third columns were determined in this in- 
vestigation, while the values in the second and fourth 
columns are the ones obtained by Reitz. The slit width 
used throughout this research did not permit the 
resolution of the 762 and 791 lines of CCl«. 

The inherent polarization of the spectrograph is de- 
termined by means of a He tube. With the He lamp at 
the rear of the apparatus, adjustments are made until 
both light components produced by the Wollaston 
prism separately fill the optics of the spectrograph. In 
order to eliminate any effect due to the polarization of 
the light emerging from the source, a piece of thin 
frosted glass is placed in front of the opening of the 
diaphragm. Three spectra are photographed, photo- 
metered, and the ratios of the intensities of the light 
components of five He lines in the neighborhood from 
4300A to 5400A are calculated. It is found that in order 
to insure equal intensities for both light components 
traversing the spectrograph, the intensity of the verti- 
cally polarized component has to be multiplied by 1.54. 

To convert line density to intensity, the photo- 
graphic plates are calibrated by means of a step sector, 
and a density-intensity curve is used according to the 
method recommended by Pierce and Nachtrieb.* The 
exposure time for the calibration plates was three 
minutes, and while the Raman exposures were con- 
siderably longer, the failure of the reciprocity law was 
negligible and no corrections were made for it. 

The light emerging from the scattering tube is focused 
by means of a lens onto the slit of the spectrograph, 
giving spectral lines of uniform thickness and density. 

For depolarization measurements a black sleeve, into 
which a one-cmX 15-cm slit is cut, is slipped over the 
scattering tube. This, together with baffles insures 
essentially right-angle scattering. The baffles consist 
of six blackened copper strips placed between lamps and 
filter tube. Originally 24 baffles were used, but tests 
showed that the number of baffles could be reduced to 
six without affecting polarization ratios. A Wollaston 
prism is used to separate the horizontally polarized 
light from the vertically polarized light and is so ad- 
justed that the two spots of light emerging from it are 
just separated on the slit of the spectrograph. Care is 
taken to prevent all parasitic light from entering the 
spectrograph slit. 

The four lamps used to provide the incident illumina- 
tion are Hanovia, type S, 200-watt mercury lamps. For 
intensity measurements the lamps are placed as close 
to the filter tube as possible, while for depolarization 
measurements they are arranged in a horizontal plane. 
Two semicylindrical reflectors surround the assemblage. 

The densities of the spectral lines are recorded on 
Kodak Linagraph No. 2 paper by means of a Kipp 
and Zonen microphotometer. A SIP measuring micro- 

5A. W. Reitz, Z. i Chem. B33, 368 (1936). 


® W. C. Pierce and N. H. Nachtrieb, Ind. Eng. Chem. Anal. Ed. 
13, 774-81 (1941). 





TABLE I. Comparison of wave number displacements Ai 
and depolarization ratios p of CCl. 











Av AV p p 
219 218 0.82 0.84 
316 314 0.84 0.87 
459 458 0.06 0.04 
783 Wot 0.86 ‘Ont 

791 0.84 








scope is used for measuring the plates to determine 
wavelengths of spectral lines. 


EXPERIMENT AND RESULTS 


The various compounds used in this experiment are 
dissolved at room temperature in doubly distilled water 
with the highest possible concentrations. The solutions 
are treated with Norite A, to remove fluorescent im- 
purities, and are filtered several times under low pres- 
sure through a fine fritted glass filter. 

To measure the wave number differences of the Ra- 
man lines, two spectra of each substance are used. 
Each line is measured 10 times on the measuring micro- 
scope, and the average reading is used to determine the 
wavelength by means of the Hartmann dispersion 
formula. The measurements of wavelength (A in air) 
are converted to wave numbers (cm™ in vacuum) by 
means of Kayser’s Tabelle der Schwingungszahlen. Three 
different spectra of each solution are used for depolari- 
zation measurements, and each spectrum is analyzed 
three times on the microphotometer. The densities of 
the Raman lines and of their corresponding backgrounds 
are first determined. The densities are converted to 
relative intensities (exposure) by means of the density- 
intensity curve. Background intensities are subtracted 
from total intensities. Peak heights for the Raman lines 
are used, and one plate from a given lot is used as the 
calibration plate for the lot. The validity of this pro- 
cedure has been established by extensive experimenta- 
tion.® 

Spectra for intensity measurements are photo- 
graphed without the Wollaston prism. The relative 
intensities are calculated on the basis of 100 percent 
for the strongest line. Background corrections are made 
in the manner described above. No corrections are made 
for the variation of sensitivity of the plates with wave- 
length. The results are shown in Table IT. 

The spectra of the solutions of NaH,PO, and KH,PO, 
are identical, as was expected. Of the eleven observed 
Raman lines, nine were due to the 4358A line of which 
four, namely, the 586, 770, 1045, and 2350 lines, were 
definitely polarized. The 465, 931, 1093, and 1160 lines 
appear to be depolarized, while the status of the 827 
line appears doubtful. The 2350 Raman line of NaH,PO, 
is excited by the 4358A Hg line. This Raman displace- 
ment is also produced by the 4347A Hg line, and the 
line corresponding to this displacement appears as a 
wing of the very broad 2350 Raman line. It could not 
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TABLE II. Wave number displacements Aj, relative 
intensities 7, and depolarization factors p.*:> 


HANWICK AND P. O. HOFFMANN 








Av I p Av I p 
NaH2PO; KH:2PO; 
465 14 0.91 468 17 0.91 
586 34 0.36 585 36 0.36 
779 10 0.43 777 11 0.40 
827 8 0.61 832 7 0.67 
(930) (4) — (933) —_ -— 
931 36 0.82 932 37 0.77 
(1045) (10) (0.27) (1042) (10) (0.26) 
1045 94 0.19 1046 100 0.17 
1093 24 0.78 1092 23 0.65 
1160 33 0.78 1160 33 0.80 
2350 100 0.37 2345 96 0.34 
HPO; NaPO; 
304 21 0.68 302 36 0.84 
395 49 0.84 377 27 0.67 
507 22 0.22 471 24 0.65* 
714 —_ —_ 543 10 0.60* 
891 100 0.16 665 50 0.20 
967 23 0.20 (1151) (12) (0.39) 
1090 55 0.23 1159 100 0.17 
1187 17 0.56 1251 17 0.81 
K,yP 207 K2Na2P207 
335 31 0.84 335 26 0.79 
464 9 0.88 432 10 0.84 
519 16 0.82 520 20 0.84 
711 15 0.29 716 18 0.31 
900 5 0.23 839 4 0.33 
966 8 0.23 915 10 0.38 
1018 100 0.16 1018 100 0.15 
1085 16 0.72* 1117 16 0.60* 
1128 — 0.89* 1138 14 0.73" 
K2H2P20; NazH2P207 
325 46 0.70 323 34 0.71 
436 28 0.86 436 28 0.84 
514 42 0.84 507 44 0.81 
717 39 0.26 719 41 0.25 
875 44 0.32 879 13 0.40 
954 32 0.22 953 25 0.27 
1087 100 0.21 1105 100 0.23 
1185 14 0.67* 1189 9 0.72* 
1253 5 — 1244 5 — 








® ( )—Raman lines excited by \4347A. 
b *—Intensities too low for reliable results. 


be detected as a separate line and thus was not included 
in the data of Table II. The same reasoning applies to 
the 2345 line of KH2PO:. 

Group theoretical calculations based upon a planar 
model of configuration C2, for the H2PO: ion allow nine 
lines, of which four are to be polarized. Thus, the C2, 
planar model seems to be a reasonable assumption for 
the structure of the H,PO2 ion. Mathieu and Jacques’ 
also have investigated this ion but were able to observe 
only eight Raman lines. 

The spectra of the solutions of HPO; and NaPO; 
were radically different, indicating that the former was 
due to the HPO; molecule, while the latter was due to 
the PO; ion. According to Mathieu and Jacques* the 
configuration of HPO; should be that of group Cy. 
This would allow the Raman line Ai 2300 which is as- 
sociated with the P—H bond vibration. However, this 
line has not been observed despite repeated trials, 


although Mathieu and Jacques claim to have found this 
line in their work. Furthermore, a C3, configuration 
allows only three polarized lines, while the data indicate 
the 507, 891, 967, and 1090 lines as appearing to be 
polarized. Thus, it seems more reasonable to postulate 
a planar C2, model for HPO;. Calculations for this 
model allow nine Raman active vibrations, of which 
four are totally symmetric. This compares favorably 
with the experimental result which showed the presence 
of eight lines, of which at least four were polarized, i.e., 
because of totally symmetric vibrations. 

For the PO; ion the experimental results gave eight 
lines. However, one line was due to excitation by the 
4347A mercury line, while the line Av 543 was so faint 
as to be doubtful. Thus, it may be concluded that the 
Raman spectrum of the PO; ion probably consisted of 
six lines, of which the 665 and 1159 lines appear to be 
highly polarized, since their depolarization ratios are 
0.20 and 0.17, respectively. Group-theoretical calcula- 
tions eliminate a D3, planar model but suggests a C3, 
pyramidal model with six vibrations of which two are 
polarized. This agrees very well with the experimental 
results, and thus, a C3, model is a possible structure for 
the PO; ion. 

The Raman spectra of the pyrophosphate solutions 
were all similar in appearance. While there are some 
variations in wave number shifts, intensities, and de- 
polarization ratios, the general conclusion may be drawn 
that a principal ion is responsible for the similarity of the 
Raman spectra. The existence of the very intense line 
(T= 100) which is also highly polarized (p varying from 
0.15 to 0.23 for the various pyrophosphates) can be 
attributed to a totally symmetric vibration. This im- 
plies some symmetry, thus, making it possible to con- 
sider the P,O; ion as the contributor to the formation 
of the observed Raman spectra. Several models may be 
postulated for this ion, such as those having symmetry 
D3n, Dsa, or D3. The only one which fits the experi- 
mental data is the Ds; model which predicts four 
polarized vibrations out of a total of eleven active 
fundamentals. 

However, in view of the researches of Levi and Pey- 
ronel,’ who find from x-ray diffraction studies that the 
P—O-—P bond angle of ZrP2O; is 152°, the less sym- 
metrical structure of a C2, model seems more plausible. 
In this case the selection rules for the Raman effect 
indicate 21 active vibrations, of which seven should be 
totally symmetric. Now, it is quite possible that not all 
Raman lines have been observed for the pyrophos- 
phates. In view of the heavy mass of the ion, there are 
several vibrations of a very low frequency shift which 
could not be observed on account of the wing of the 
4358A mercury line. Again, there may be several lines 
close together which could not be observed because of 
the low dispersion of the spectrograph. Thus, the ex- 
perimental evidence, while not conclusive, does not 


7G. R. Levi and G. Peyronel, Z. Krist. 92, 190-209 (1935). 
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contradict the possibility of a C2, structure for the 
P.O7 ion. 
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The near ultraviolet spectra of the diazines and various derivatives have been obtained in several solvents. 
Intensities, contours, and positions of the observed bands are combined with a valence-bond treatment of the 
diazine z-electrons to assign the transitions and to evaluate the C—C and C—N exchange integrals. The 
diazine band near 30,000 cm™ (3333A) is assigned to a nonbonding nitrogen electron transition, and the band 


near 40,000 cm™ (2500A) to a z-electron transition. 


INTRODUCTION 
T® diazines 
H H 
H ( H ¢ H H N H 
a ol Nn \” \ 7% \# \Z% 
PON: GN UN: é ¢ 
* \ 4 \ 7 of \y7 “i 
i i 
pyridazine pyrimidine pyrazine 


are molecules isoelectronic with benzene but which 
exhibit a near ultraviolet spectrum quite different from 
that of benzene. Some of this variation is evident 
from the comparison of spectra in Fig. 1. Several brief 
reports'-* on individual diazine solution spectra have 
appeared in the literature, but without sufficient data to 
assign band origins. In the present report, we have ex- 
tended the information available to obtain a consistent 
interpretation of the diazine bands occurring in the 
region 4000 to 2100A with molar extinctions greater 
than 10. 


EXPERIMENTAL PROCEDURE 


Absorption spectra are presented as the logarithm of 
the molar extinction versus wave numbers, using Beer’s 


* Presented at the Symposium on Molecular Structure and 
Spectroscopy held at Ohio State University, June, 1950. 
1 Barany, Braude, and Pianka, J. Chem. Soc. 1898 (1949). 
a9 tt C. Evans and F. Y. Wiselogle, J. Am. Chem. Soc. 67, 60 
5). 
*F, Halverson and R. C. Hirt, J. Chem. Phys. 17, 1165 (1949). 
‘F. F. Heyroth and J. R. Loofbourow, J. Am. Chem. Soc. 56, 
1728 (1934). 
5F. M. Uber and R. Winters, J. Am. Chem. Soc. 63, 137 (1941). 





law in the form 
logiolo/J= (e/M)bc, 


where J) and J are tne intensities of the incident and 
transmitted light, respectively, ¢ is the molar extinction, 
M is the formula weight, 0 is the cell path length in mm, 
and c is the concentration in grams per 100 ml. These 
spectra (except for pyrimidine) were obtained using 
a Beckman quartz photoelectric spectrophotometer, 
Model DU, with a water-cooled Nester hydrogen lamp. 
Fused quartz cells of 5-, 10-, and 50-mm path length were 
used as well as Hilger micrometer Baly cells, adjustable 
from 5.00- to 0.01-mm path length. Solvents are indi- 
cated in the figures. The pyrimidine spectrum is re- 
plotted from the literature.‘ 

With the exception of pyridine, pyridazine, and 
pyrimidine, all compounds with spectra shown in the 
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Fic. 1. Comparison of diazine spectra (water solutions). 














F. HALVERSON AND R. C. HIRT 






























4 T 
= N 

z | | 
o N 
nd 
© 
2 3 
bE 
x 
Ww 
a 
a 
+> 2 
° 
2 SOLVENT 
© — cyclohexane 
° ome water 
ad 

' 

30000 35000 40000 45000 
WAVE NUMBERS 


Fic. 2. Solvent effect on pyridazine spectrum. 


figures were prepared in these Laboratories. The pyridine 
was a Mallinckrodt product purified by fractional dis- 
tillation after it had been standing 24 hours over solid 
potassium hydroxide. The pyridazine was furnished by 
Dr. R. C. Evans.? Ethbromide salts were all prepared by 
dissolving the parent compound in an excess of ethyl 
bromide and allowing the solutions to stand for 24 to 
100 hours at temperatures ranging from 24° to 60°C. 
The ionic salts crystallized out of solution gradually in 
a state of high purity and were washed once with ethyl 
bromide and three times with ethyl ether. The appear- 
ance of the ultraviolet spectrum was used as the 
criterion of purity. Several methchloride and ethiodide 
salts were prepared also, but their spectra were practi- 
cally identical with those of the ethbromide salts and so 
are not illustrated. Similarly, spectra using acrylonitrile 
as a solvent did not show any differences from those 
using acetonitrile, and so are omitted. 


DISCUSSION 


In the vapor spectra’ of the diazines, at least two 
distinct band systems are apparent. One near 40,000 
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cm~! (2500A) is very intense and is composed of a series 
of rather widely spaced diffuse bands; hence, it has been 
termed the “diffuse’’ system. A weaker system near 
30,000 cm (3333A) is composed of extremely sharp 
bands (comparable to atomic spectral lines), and has 
been termed the “sharp” system. This “sharp” system 
has no long progressions of bands, and it is so different 
in appearance from the vapor spectrum of its hydro- 
carbon analog, benzene, as to suggest a quite different 
origin of the bands. 

The difference in appearance of the “sharp” and 
“diffuse” systems becomes less apparent in the solution 
spectra as shown in Fig. 1, but other peculiarities 
emerge. The position and appearance of the low energy 
band are strongly affected by the solvent, as shown for 
pyridazine in Fig. 2 and for pyrazine in Fig. 3, while the 
higher energy band remains relatively unchanged. The 
intensities of both bands indicate allowed electronic 
transitions (which is in agreement with the appearance 
of the O,O band in the sharp system).* This constancy 
of the higher energy band resembles the behavior of the 
benzene band in the same region. 

In order to explain these observations, it is necessary 
to examine the differences in electronic structure be- 
tween the diazines and benzene. Two important differ- 
ences are noticed. One is the presence of two atoms with 
nuclear charges of 7 in place of two with charges of 6, 
which will be reflected in some manner in the energy 
level scheme. For such a small percentage change, how- 
ever, a small shift in positions but not an appreciable 
change in the character of the electronic levels might be 
expected. That is (for this effect alone), the first excited 
singlet state in the diazines would be expected to corre- 
spond to the ‘Bo, state in benzene, with an increase in 
molecular dimensions. This should result in the appear- 
ance of some fairly long progressions in the vapor 
spectra, such as are observed for benzene, and the 
spreading-out of bands due to rotational structure. The 
“sharp” system certainly does not show such behavior. 
The other difference is the presence of an unshared 
electron pair on each of the nitrogen atoms. Assuming 
trigonal hybridization for the planar bonds, these non- 
bonding electrons would occupy one of the sp? orbitals. 
Excitation of an electron from one of these nonbonding 
orbitals to an unoccupied z-orbital should be much 
easier than from the corresponding C—H_ bonding 
orbital in benzene. This is the type of explanation 
advanced by M. Kasha® to account for a long wave- 
length shoulder and other peculiarities in the pyridine 
absorption spectrum, and for certain features of the low 
temperature emission spectrum. It is completely analo- 
gous to the type of explanation advanced by Mulliken’ 
and McMurray” to account for the long wavelength 
aldehyde spectra. Such a transition in the diazines would 
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Fic. 3. Solvent effect on pyrazine spectrum. 





6M. Kasha, Phys. Rev. 76, 161 (1949). Also, Trans. Faraday 
Soc. (to be published). 
7R. S. Mulliken, J. Chem. Phys. 3, 564 (1935). 
7@H. L. McMurray, J. Chem. Phys. 9, 231, 241 (1941). 
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not be expected to make much of a change in molecular 
dimensions, since it involves nonbonding electrons. It 
also has a transition moment perpendicular to the plane 
of the ring, thus giving rise to essentially parallel-type 
rotation bands for totally symmetric vibrations. 

In order to test the effect of electronegativity changes, 
a semi-empirical valence bond calculation of the energy 
difference between the ground state and the first excited 
state, with only z-electrons involved, was made for 
several nitrogen heterocyclic molecules. The results of 
these calculations serve to identify the lowest -electron 
transitions. As a check on the effect of the nonbonding 
electrons, spectra were obtained of ethbromide salts in 
which some of these electrons were part of a chemical 
bond. Solvents with anticipated variations in effect on 
“free” electron pairs were used, and the results were 
correlated with the band assignments. 


VALENCE-BOND TREATMENT 


As a first approximation we assume that the z- 
electrons and the nonbonding nitrogen sp?-electrons can 
be treated independently of each other. Both the semi- 
empirical molecular-orbital and the valence-bond calcu- 
lations for the w-electrons agree on the symmetries of 
the first excited state for pyridine, the diazines, and 
s-triazine® (as well as for benzene). In benzene and 
s-triazine, the transition from the ground state to the 
first excited w-electron state is forbidden electronically, 
but appears weakly (at least for benzene as shown in 
Fig. 1) due to vibrational perturbations. In the other 
compounds, it is an allowed transition and is expected to 
occur with considerably greater intensity. 

The valence bond calculations were set up for ben- 
zene, pyridine, the diazines, and s-triazine, using only 
nonpolar structures. Sklar? and Craig!’ have shown the 
necessity for including the polar structures in a general 
description of the excited states of benzene, but the 
effect on the energy of the first excited state is not large. 
Therefore, an empirical evaluation of the C—C and the 
C—N exchange integrals using spectral data for the 
lowest z-electron transitions in two compounds should 
account partially for the neglect of ionic structures, 
and the use of such data can be expected to yield fairly 
good energy values for the first excited 2-electron states 
in the other molecules. 

The independent nonpolar structures which can be 
written for these molecules are the ones analogous to 
the Kekule and the Dewar structures for benzene. The 
Kekule structures are equivalent for each molecule ex- 
cept pyridazine, where one structure involves an N=N 
bond while the other involves C=N bonds. The bond 
eigenfunctions for these structures were combined into 
sets which reduce the secular equation as far as possible 
by symmetry properties alone. Representations using 


® Molecule isoelectronic with benzene having alternate CH 
groups and N atoms. 
* A. L. Sklar, J. Chem. Phys. 5, 669 (1937). 
 D. P. Craig, Proc. Roy. Soc. (London) A200, 401 (1950). 
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TABLE I. Band shifts for s-trichloro substitution. (Values are in 
wave numbers. Those in parentheses are estimates.) 











Name Parent s-trichloro ay 
Benzene 39,525 36,800" 2725 
Pyrimidine 41,580 38,0905 3480 
s-Triazine (42,690) 39,210 (3480) 








the five nonpolar structures as a basis, in terms of the 
irreducible components, together with the molecular 
point groups, are the following: 


Der — Uenzene= 2A 1g + Bout Eng, 
Ds, U striazine=2A1'+As’+£, 
Cry lpyridine= 3A 1+2Bi, 

Coy  T pyrimidine=3A1+ 2B, 

De, — U pyrazine=3A1+ Bigt Bau, 
C2,* T pyridazine= 4A i+ By. 


Then the secular equations were set up by the method of 


Eyring, Walter, and Kimball," and they are given 


in determinantal form, |D| =0. The C—C, C—N, and 
N-—N exchange integrals are represented by a, 8, and y, 
respectively. x is an abbreviation for (Q—W), where Q 
is the coulomb integral and W is the energy. 
Equations for the various symmetry species of ben- 
zene (P=a) and s-triazine (P= 8) are the following: 


Benzene _s-Triazine 


5x+12P  —(6x+18P) 
Aig Ai’ =0, 
—(6x+18P) 9 x+18P 
° Bou A,’ x=0, 
Eo, E’ x= 2P. 


The third-degree equations for symmetry species A, of 
pyridine and pyrimidine and Aj, of pyrazine are of the 
form 


10x+Kiu — 2v2(2x+ Kiz) —4(2x+ Kis) 
—2v2(2x+Kiz) 8(x+Ke2) 2v2(x+ Kes) | =0, 
—4(2x+ Kis) 2v2(x+ Kes) 10x+K33 


where the values of K are the following: 


Pyridine Pyrimidine Pyrazine 


Ky, 16a+88 8a+168 8a+168 
Ki2 Sat+B a+5B 4a+2B 
Kis SatB 4a+28 at+5p 

Kx a—B —a+ 6B 2(a—B) 
Koz 4a+ 28 2a+ 48 2a+ 48 

K33 4a+88 8a+46 —4a+168. 


For the levels of species B, of pyridine, x= 2a and 0; for 


4 Eyring, Walter, and Kimball, Quantum Chemistry (John Wiley 
and Sons, Inc., New York, 1944). Symmetry notation is also from 
this reference, except that an asterisk is used to distinguish a two- 
fold axis through a bond from one through an atom. 














species B, of pyrimidine, x=28 and 0; and for species 
B,, and B;, of pyrazine, x=2a and x=0, respectively. 
The fourth-degree equation |D|=0 for species A: of 
pyridazine has the components (symmetrical about the 
diagonal) 


Dy =4(2x+2y+3a— 28), 
Dy2.= —2(x+3a+28+7), 
Dy3=4(x+3a+7—B8), 
Dy=—2v2(2x+3a+8+2y), 
D2=4(2x+48—), 

D2x3= —4(x+ 26+), 

D24= 2V2(2x+3a+48— 7), 
D33=8(x+7—8), 

Dsy= — 2V2(x+3a+28+7), 
Dus=2(5x+48+3a—7). 


The linear equation for species B, of pyridazine is 
X=at+y. 

The parameter a@ enters by itself in the benzene 
equations and £ by itself in the s-triazine equations. 
Hence, an assignment of the lowest z-electron transition 
in these two molecules would permit an empirical 
evaluation of the two parameters, and they in turn 
permit a calculation of this transition in pyridine, 
pyrimidine, and pyrazine. For evaluation of a, the 
lowest singlet r-electron transition energy in benzene is 
taken as the energy of maximum absorption (39, 525 
cm~') in Fig. 1. For a lower limit to the corresponding 
transition energy in s-triazine, use is made of a quali- 
tative molecular orbital discussion and the spectra of 
related molecules. 

The molecular orbitals for the nonbonding nitrogen 
electrons in the ground state of s-triazine are of species 
a,’ and e’. Assuming the lowest excited z-orbitals are of 
species e”’ (as indicated by a semi-empirical calculation), 
a transition from the a,’ orbital to the lowest excited 
m-orbital is forbidden. Excitation of an electron from an 
e’ to an e” orbital yields three excited states (A1’’, A2”’, 
E”), and transitions from the ground state to states A ,’’ 
and E£” are forbidden. The transition to the A,” state is 
allowed, but it is not expected to have a very large 
probability because of the small overlap between o- and 
m-orbital wave functions. Its intensity may be com- 
parable to that of the lowest singlet z-electron transi- 
tion, which by analogy with benzene should have a 
molar extinction of about 250. Consequently, in a 
molecule such as s-triazine or cyanuric chloride, the long 
wavelength absorption band appearing with a molar 
extinction of this order of magnitude might be either the 
lowest singlet w-electron or the lowest nonbonding 
nitrogen electron transition.” Although s-triazine itself 
is not available, the spectrum of cyanuric chloride® in 
cyclohexane solution shows absorption peaks at 39,210 
cm~ and at 42,190 cm“ with extinctions less than 1200. 


® The nonbonding chlorine electrons are known empirically to 
be so tightly bound that they will not give rise to new transitions in 
the near ultraviolet. 
8 Costa, Hirt, and Salley, J. Chem. Phys. 18, 434 (1950). 
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There is considerable overlapping of the bands, so that 
the individual coefficients are much less than 1200. The 
band at 39,210 cm (2550A) places a lower limit on the 
energy of the first singlet w-electron transition, which 
will be used for calculations. In general, chlorine 
substitution produces a red shift for w-electron transi- 
tions, and the magnitude for trichloro derivatives may 
be estimated empirically. Data for two related com- 
pounds are given in Table I, with the shifts produced by 
s-trichloro substitution in the column labelled Av. (The 
assignment of the pyrimidine band at 41,580 cm~ as the 
lowest z-electron transition is found essential for con- 
sistency.) Taking the s-triazine shift comparable to the 
pyrimidine shift places the minimum” energy of the 
lowest z-electron transition for s-triazine at 42,690 
cm™ (2340A). 

Using the assignment 39,525 cm™ for benzene and 
42,690 cm for s-triazine, the values a= — 1.88 ev and 
B=—2.03 ev are obtained for the C—C and C—N ex- 
change integrals. Thus the calculated resonance energy 
for s-triazine is about 10 percent greater than that for 
benzene (ratio of resonance energies is ratio of 8 to a). 
Values calculated from the previously given secular 
equations for the lowest singlet w-electron transitions in 
pyridine, pyrimidine, and pyrazine are 40,300 cm“, 
41,260 cm“, and 41,520 cm“, respectively. These values 
are compared with the observed solution data in Fig. 4. 
Although there is a minor disagreement in the relative 
values for pyrimidine and pyrazine, the general agree- 
ment confirms the assignment of the “diffuse” diazine 
system as belonging to the lowest z-electron transition. 
Thus, the effect on z-electron transitions of replacing 
C—H groups by N atoms is to make a small shift 
toward higher energies. A preliminary evaluation of the 
N—N exchange integral, y, from the pyridazine data, 
places it at —1.94 ev, between the C—C and C—N 
integrals.'® 

The observed intensities of these “‘diffuse’’ systems 
relative to each other also are in agreement with their 
assignment as m-electron transitions analogous to the 
141,—'Bz, benzene transition. Treating the effective 
nuclear charge of nitrogen versus that of carbon as a 
perturbation, the problem becomes formally the same as 
that of the substituted benzenes examined by Sklar." 
The extinctions for pyridine, pyridazine, pyrimidine, 


4H. Conrad-Billroth, Z. physik. Chem. B19, 76 (1932) ; B20, 227 
(1933). 

16 The triazine shift perhaps should be slightly larger than the 
pyrimidine shift. Also, the lowest x-electron transition in cyanuric 
chloride might be assigned to the band at 42,190 cm™ on the basis 
of solvent behavior, which would make the 42,600 cm™ figure a 
minimum value. A reasonable near ultraviolet spectrum for 
s-triazine itself in cyclohexane solution would be a z-electron 
transition near 42,600 cm~! with an extinction of ~250, and per- 
haps another band near 39,000 cm. 

16 A. Maccoll, J. Chem. Soc. 670 (1946) has treated the same 
series of molecules using only the Kekule structures. His identi- 
fication of levels is quite different from that presented in this 
investigation; as a result, his values for the exchange integrals 
appear to be too small. 

17 A. L. Sklar, J. Chem. Phys. 10, 135 (1942). 
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Fic. 4. Comparison of calculated and observed lowest singlet x-electron transitions. 


and pyrazine then should be in the ratio 1:1:1:4. The 
spectra in Figs. 1 and 5 follow this pattern approxi- 
mately. 

In order to include low energy nonbonding electron 
transitions in the valence bond treatment, certain modi- 
fications are necessary. An additional group of structures 
with an odd number of electrons in z-atomic orbitals 
(extra electron from the nitrogen nonbonding pair) 
must be included in the basic set, but this will not affect 
the previous calculations because of differences in sym- 
metries. Of these structures, the more important singlet 
ones appear to be those having two z-electrons on one 
neutral or positively charged nitrogen atom. Preliminary 
calculations yield energies of the correct order of magni- 
tude and are being refined by more accurate evaluations 
of the integrals involved. 


SALT FORMATION AND SOLVENT EFFECTS 


As tests of the behavior of the nonbonding nitrogen 
electrons, several solvents were used and _ several 
alkylhalide salts were examined. In the salts the alkyl 
group is believed to be covalently bonded to the nitrogen 
atom, giving rise to tetravalent nitrogen with a positive 
formal charge and no “free” electrons.'* The results may 
not constitute proof of the assignment of the diazine 
“sharp” system as arising from excitation of non- 
bonding electrons, but they do furnish good evidence 
for it. 

The low energy shoulder observed in the absorption 
spectrum of pyridine in cyclohexane disappears in water 
solution as shown in Fig. 5. This has been interpreted by 
Kasha‘ as indicating that the shoulder arises from a 
nonbonding electron transition (n—7-transition) with 


8G. W. Wheland, Advanced Organic Chemistry (John Wiley and 
Sons, Inc., New York, 1949), p. 38. 


the water exerting a bonding effect on the “free electron 
pair,” shifting the transition to higher energies. Addi- 
tional evidence for this point of view is furnished by the 
effects shown in Fig. 5 for solvents of intermediate 
polarity. Since these nonbonding electrons are forced 
by geometry into an essentially sp’ orbital, they are 
largely localized'® on the side of the nitrogen away from 
the ring, and hence it is reasonable to find them stabi- 
lized (lowered in energy) by an increase in polarity of 
their environment. Another piece of evidence for such 
an assignment is the spectrum of pyridine ethbromide 
shown in Fig. 6. This band must represent the lowest 
singlet w-electron transition (shifted slightly to the red 
with respect to the corresponding pyridine transition 
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Fic. 5. Solvent effect on pyridine. 


19 Similar to the localization of nenbonding electrons in water 
and ammonia as discussed by J. A. Pople, Proc. Roy. Soc. 
(London) A202, 323 (1950). 
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Fic. 6. Spectra of ethbromide salts in ethanol. (Dotted curves are for the parent compound, and solid curves are for the 
salts. The 2,5-dimethyl pyrazine spectrum is for a cyclohexane solution.) 
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because of hyperconjugation and the positive charge), 
and so the additional absorption in pyridine which shifts 
around with solvents must have some other origin. 
(There is very little difference in the spectrum of the 
salt whether alcohol or water is used as a solvent.) 


The dialkylhalide salts of the diazines could not be 
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formed, and so only one nitrogen nonbonding electron 
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Fic. 7. Pyrazine in sulfuric acid solutions. 
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207, J. Krems and P. E. Spoerri, Chem. Revs. 40, 322 (1947). 
The report by F. Tutin and F. W. Caton, J. Chem. Soc. 97, 2524 
(1910) on di-salts refers to acids and not alkylhalides. 
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pair could be tied down by salt formation.” Thus, a 
pyridine-like molecule was obtained with one non- 
bonding nitrogen orbital, but also with one relatively 
localized positive charge in the molecule. As shown in 
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Fic. 8. Spectra of chloropyrazines in cyclohexane. 
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Fic. 9. Spectra of bromopyrazines in cyclohexane. 


Fig. 6, the “sharp” system is considerably diminished in 
intensity and shows a slight shift toward higher energies, 
while the “diffuse” system is intensified and shows a 
distinct red shift. This behavior of the strong band is the 
anticipated pattern for a w-electron transition (resulting 
from hyperconjugation and charge asymmetry). 

A possible way to tie up both nonbonding electron 
pairs in the diazines was suggested by Kasha,” namely, 


using concentrated sulfuric acid as a solvent. In prin- 
ciple, the concentrated acid should react with pyrazine 
forming pyrazinium dihydrogensulfate dissolved in pure 
sulfuric acid. The spectrum of such a solution, together 
with various dilutions of it, is given in Fig. 7. It may not 
be as conclusive as desired, because of the broadness of 
the band, yet it is certainly compatible with a single 
m-electron transition shifted to the red by formal 
charges on both nitrogen atoms. Dilution of the sulfuric 
acid solution with water should yield the intermediate 
form in which the principal component is pyrazinium 
monohydrogensulfate. This is believed to be the case for 
the curve marked 60 percent H2SO,. 

The spectra of pyrazine in various solvents are given 
in Fig. 3. The “diffuse” band system is relatively 
unaffected by solvent changes, while the “sharp” system 
exhibits even more clearly the type of change observed 
with pyridine. 


HALOGENATION EFFECTS 


The red shift of the first singlet w-electron transition 
in benzene upon chlorination and bromination has been 
demonstrated by Conrad-Billroth.“ This same type of 
red shift should occur in the diazine 7-electron system, 
and it is found in the spectra of the chloro- and bromo- 
pyrazines shown in Figs. 8 and 9. The band having its 
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Fic. 10. Schematic description of frequency shifts on chlorination. (Data for chlorobenzenes are from Conrad- 
Billroth. (See reference 14.) Data (e) for trichloropyrazine are estimated from tribromopyrazine data.) 


*!M. Kasha, private communication, December, 1949. 
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Fic. 11. Spectra of chloropyridazines in ethanol. (The dotted curve 
is for pyridazine in cyclohexane.) 


origin in the nonbonding electron transition shifts in the 
reverse direction, and the two systems appear to 
interchange relative positions in going from the di- to 
the trihalogenated pyrazines. This behavior is more 
easily observed in the schematic representation of Fig. 
10. An analogous behavior is observed for the available 
chloropyridazines in Fig. 11. Uber and Winters® have 
reported the vapor and solution spectra of the di-, tri-, 
and tetrachloropyrimidines, and the shift of the 7- 
electron transition is quite evident. The change in the 
nonbonding electron transition is not as apparent. The 
authors’ comment, however, on the lack of any sharp 
group of lines in the di- and trichloropyrimidine vapor 
spectra, and on the appearance of numerous small and 
relatively sharp bands over a wide wavelength range in 
the tetrachloropyrimidine vapor spectrum. These lines 
presumably correspond to the nonbonding electron 
transition, and they are observed because they have 
moved to the high energy side of the z-electron 
transition. 

It is possible, of course, that there are two allowed 
nonbonding electron transitions in this region of the 
spectrum, which show little shift on halogenation. As 
the more intense z-electron transition shifts, it uncovers 
one and covers the other, so that only one nonbonding 


TaBLE II. Near ultraviolet singlet transitions for the nitrogen 
heterocyclics studied. (Values in parentheses are estimates.) 











m-electron n-electron 
Point Wave Wave 

Compound group Symmetry numbers Symmetry numbers 
Pyridazine Co* Ai—A1 40,320 Ai—Bi 29,400 
Pyrimidine Cw» Ai—Bz2 41,580 Ai—Bi ~35,000 
Pyrazine Dn Aw—Biu 38,460 Aiy—Biu 31,000 
s-Triazine Dss Ai’—Az (42,600) Ai1’—A2”’ (~39,000) 
Cyanuric chloride Ds <A1’—Az 39,210? A1’—A?2”’ 42,190? 
2-Chloropyrazine Ch A’-—A’ 37,000 A’-—A” 32,700 
2,3-Dichloropyrazine Cw* Ai—A1 35,840 <Ai—Bi 34,200 
2,5-Dichloropyrazine Can Ag—Bu 35,600 Ag—Au 33,700 
2,6-Dichloropyrazine Cov Ai-—B:2 35.840 Ai—Bi 33,900 


Tetrachloropyrazine Dn A1tg—Bsu 32,360 Aig—Biu 36,900 
2-Bromopyrazine Ch A’-A’ 36,500 <A’—A” 32,400 
2,6-Dibromopyrazine Co Ai—B2z 35,200 Ai—Bi 


Tribromopyrazine Ch A’—A’ 32,600 <A’—A” ~34,600 

2,5-Dimethyl (Co) Ag—Bu 36,600 Ag—Au 31,900 
pyrazine 

3-Methyl-6-chloro (Ch) A’—A’ 37,700 A’—A” 32,400 
pyridazine 

3,6-Dichloropyridazine Co* A1i—A1 36,800 Ai—Bi 32,900 








transition is observed for a given compound. Whether 
this is the case or not, the spectra of pyrazine com- 
pounds in cyclohexane show a distinct shift of the 
“sharp” system toward higher energies as one or two 
halogen atoms replace hydrogen atoms on the ring. 

A higher energy transition, presumably z-electron, is 
also observed to shift toward lower energies on 
halogenation. 


CORRELATION OF BANDS 


The observed bands (absorption maxima) are given in 
Table II, with a symmetry classification of the energy 
levels involved. Values given for s-triazine are only 
estimates, and the assignment for cyanuric chloride is 
tentative. The nonbonding electron transitions are 
termed -electron transitions as suggested by Kasha.*® 
Values are for cyclohexane solutions with the exception 
of pyrimidine (water) and the halogenated pyridazines 
(ethanol). 
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Triple-Dipole Interaction. I. Theory* 


B. M. AxiLropt 
The George Washington University, Washington, D. C. 


(Received March 5, 1951) 


Third-order perturbation theory is applied to the van der waals-type interaction between neutral atoms. 


“nr 


An interaction between triplets of atoms results. The derivation of the third-order energy interaction Wo’”, 
is outlined, the procedure being somewhat similar to that used by London in his application of second-order 
perturbation theory to interatomic interaction. Since the perturbing potential is limited to the dipole-dipole 
term, the energy W,’” is called the triple-dipole interaction. The latter depends not only on the interatomic 
distances but also on the shape of the triangle formed by the three atoms; Wo’” is positive for all acute 


and negative for most obtuse triangles. 





OME time ago the application of third-order pertur- 

bation theory to the interaction of neutral atoms 
was observed to result in an interaction between triplets 
of atoms.’ More recently, the magnitude of this inter- 
action was calculated for crystals of the rare gases, 
partly in an effort to explain their crystal structure. 
The results of the calculation were noted in a Letter to 
the Editor,? the principal conclusions being that the 
third-order interaction amounted to a few percent of 
the cohesive energy but did not explain the crystal 
structure. This paper outlines the derivation of the 
third-order interaction, and the following paper de- 
scribes the application to the rare-gas crystals. 


SECOND-ORDER PERTURBATION THEORY 
AND VAN DER WAALS FORCES 


The van der waals attraction between neutral atoms 
was accounted for quite satisfactorily by London* on 
the basis of the interaction between the dipole induced 
in one atom by the rapidly varying dipole-moment of 
another atom. The effect of this fluctuating dipole 
moment, arising from the zero-point motion of the 
electrons, was determined by applying perturbation 
theory to the second order of approximation. For the 
interaction energy of two like atoms, Wo”, the following 
well-known relation: 


Wo" =3V o2/RS, (1) 


is obtained; V is the ionization potential and a the 
polarizability of an atom, and R is the interatomic 
distance. The results also apply to molecules if the 
latter can be considered as centers of force, that is, 
intermolecular distances much greater than molecular 
dimensions. The cohesion of a number of molecular 
crystals was explained at least qualitatively by London, 
who summed the energy W 9” over the crystal lattice. 


* This paper is based on a portion of a thesis submitted in 
partial fulfillment of the requirements for the degree of Doctor 
of Philosophy at the George Washington University. 

— address: National Bureau of Standards, Washington, 


1B. M. Axilrod and E. Teller, J. Chem. Phys. 11, 299 (1943). 
2B. M. Axilrod, J. Chem. Phys. 17, 1349 (1949). 

3 F. London, Z. Physik 63, 245 (1930). 

‘F. London, Z. physik. Chem. 11B, 222 (1930). 
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Margenau,°*:* also by means of second-order pertur- 
bation theory, extended London’s results to include the 
influence of dipole-quadrupole and quadrupole-quadru- 
pole interactions. For the van der waals attraction of a 
pair of helium or hydrogen atoms Margenau found that 
these higher-pole terms could not be neglected. 

Mayer’ and Dietz® included the dipole-quadrupole 
interaction in determining the van der waals potential 
energy in the alkali halide crystals and in some rare 
gas crystals, respectively. 

The contribution to the molecular interaction of the 
energy associated with third-order perturbation theory, 
which is the purpose of this paper, is determined in a 
similar way to that used to obtain the second-order 
interaction (1). 


THIRD-ORDER PERTURBATION THEORY AND VAN 
DER WAALS-TYPE INTERACTION BETWEEN ATOMS 


Suppose a system of isolated atoms; and let H®, ¢°, 
and W® represent the hamiltonian operator, wave 
function, and energy, respectively, of the unperturbed 
system. For the perturbed system, i.e., the atoms 
interacting when far apart, let the corresponding 
quantities be H, ¢, and W, where H may be expressed as 


H=H°+H’, (2) 


H’, the perturbation operator, is in this case simply the 
classical interaction potential of the atoms. By the 
application of perturbation theory it can be shown that 
the first-, second-, and third-order corrections to the 
kth energy level, W;,°, whenever this level is non- 
degenerate, reduce to the following :° 


Wi! =Hix’, (3) 
” , Aj H jx’ 
W, "= —2)'————__, (4) 
7 W/- W,° 


5H. Margenau, Phys. Rev. 38, 747 (1931). 

6H. Margenau, J. Chem. Phys. 9, 896 .(1938). 

7J. E. Mayer, J. Chem. Phys. 1, 270 (1933). 

8 V. Dietz, J. Franklin Inst. 219, 459 (1935). 

® Born, Heisenberg, and Jordan, Z. Physik 35, 588 (1925/26). 
The equation for W;’” is not in the same form as shown in the 
reference; a single summation was separated into two sums. 
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where the energy of the perturbed system is expressed as 
Wi=WE+Wi' t+Wi'+Wie"+... 


and the matrix elements are defined as usual as 
Hu'= | (6) Hover, 6) 


dr being the volume element of configuration space. 

The electrostatic interaction potential V(1,2) of a 
pair of neutral atoms can be expressed in powers of the 
internuclear distance Riz by a Taylor’s series develop- 
ment. Let the atoms have m and mz electrons, respec- 
tively. If the x axis is selected to pass through the two 
nuclei, then the interaction potential is 


e 1,m1 1,m2 
V(1,2)= a (—) ss 2 (2% 5X21— VisVor— 215220) 
Rj. 8 t , 





ae 

2 

+( JEX tema? 
Ro! s ¢ 


+[2yisyer+ 221s221— 341621 | X1e— x2 }) 


(GJERO 
ap xy hides 





= Vaa(1,2)+ Vag(1,2)+V ga(1,2)+:*, (7) 


where r?= 27+ y’+-2? and 1., Vis, and 2, are the coordi- 
nates of an electron of the first atom relative to its 
nucleus and x2, yo:, and 2; are similarly defined for the 
second atom. 

In the present work only the term in 1/R1°, Vaa(1,2), 
the dipole-dipole term, will be considered. For this 
dipole-dipole interaction, the first-order perturbation 
energies, H,,’, vanish owing to the symmetry properties 
of ¢,° and Vaa and, consequently, the single summation 
in Eq. (5) vanishes. If the system is restricted to 
consist of neutral atoms in their lowest atomic states, 
then the third-order interaction energy, Wo’”’ is 


, / / 
Ho; Aix Axo 


W,!"= > > ; 
; (WWW Wo") 


J#ROk XO 





(Sa) 


It is assumed that W)’” is associated with the mutual 
pairwise interaction of a group of three atoms; this will 
be justified shortly. Let the atomic wave functions of 
three atoms, say Nos. 1, 2, and 3, be W,(1), ,(2) and 
¥,(3), respectively, and the corresponding energies be 


W,(1), W,(2), and W,(3). For the unperturbed system 
of three atoms, the wave functions are 
$3°(1,2,3) = Pu(1)y.(2)¥ (3); 0°= Wo(1)Yo(2)Yo(3), (8) 
and the energies: 
W(1,2,3) =W,(1)+W,(2)+W,(3) ; 
W°=W(1)+Wo(2)+Wo(3). (9) 


The perturbation H’ is the sum of three pairwise 
interaction potentials similar to Vga(1,2): 


H'(1,2,3) = Vaa(1,2)+ V aa(2,3)+ Vaa(i,3). (10) 


The expression for Vaa(1,3) is given by the following 
relation, where Rj; is the internuclear distance and X, 
Y, and Z are the components of R,; along the coordinate 
axes: 


e 1,m 1,m3 3X? 
V aa(1,3) = # p | (1- ruts 


























Ruts“ Ris 
3XY 3XZ 3VX 
gr %1sV3u— r X1823u— VisX3u 
Ri? Ri? R,;? 
3Y? 3YZ 3ZX 
+(1- yuo V1823u— Z1sX3u 
R;? Ri? is 
3Z} 








j a 
R saujnct (1 R ; aus (11) 
13 13 


1 3X? 
Vaa(1,3)= | (1-2-0. 
R,;° R;? 








3XY 3XZ 
~ Fy Delt)D,(3)— D(1)D.(3) 


13 R,;? 


where D,(1)= 0 ex, Dy(1)=Dley1., D-(1) = Doezs, ete. 
D,(1), D,(1), and D,(1) are the x, y,; and z components 
of the classical dipole moment of the instantaneous 
charge distribution of atom 1. Vaa(2,3) is expressed by 
equations similar to Eqs. (11) and (11a). 

If the matrix elements H;,’ that occur in Eq. (5a) 
are formed using Eqs. (6)-(11), they are found to 
consist of products of one-atom integrals such as 


frare. giWy (Ldri= (Logis) uw’s 
(12) 
[OTE grab Odre= (Cawdor ete, 
where gi, represents X15, Vis, OF Z1s, and ga and qg3, are 


similarly defined. These are dipole-moment integrals 
such as occur in the theory of optical radiation. They 
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vanish according to the Laporte rule unless the transi- 
tions yp’, vv’, and p—p’ are between even and odd 
states, i.e., unless the parities of the states change.!® 

Consider now the situation of three atoms interacting 
pairwise successively, for example, first atoms 1 and 2, 
then atoms 2 and 3, and finally atoms 1 and 3. Since 
each atom interacts twice, or more strictly speaking 
undergoes virtual transitions twice, the parity of its 
wave function changes twice; hence, every atom can 
return to its initial state. We note from Eq. (5a) that 
the initial and final state of the system of atoms are 
the same. 

Since W,’” is associated with the dipole interaction 
of three atoms, it is called the triple-dipole interaction. 
The derivation of the triple-dipole interaction will be 
carried out in two steps. First, the interaction energy for 
three collinear atoms will be derived by methods similar 
to London’s.*:" This will lead to an approximate equa- 
tion for the interaction energy in terms of measurable 
quantities such as the atomic polarizabilities and the 
ionization energies. Subsequently, the angular depen- 
dence will be determined for three non-collinear atoms 
with a simplified atom model. 


Derivation of W,’”’ for Three Collinear Atoms 


Suppose that the three atoms are oriented with their 
nuclei along the x axis. Then the three dipole interaction 
potentials Vaa(1,2), Vaa(2,3), and Vaa(1,3) that con- 
stitute the perturbation potential (10) each have the 
form of Vaa(1,2) as given by Eq. (7), for example: 


V aa(2,3) = — (€/Re3°) 
XD Dou (2K 2su— VorVau—ZeeZ3u)- (13) 


Assume corresponding to the numerator Ho,’ H jx’ Ho’ 
in the sum in Eq. (5a) a sequence of interactions 
first between atoms 1 and 2, next between atoms 2 and 
3, and last between atoms 1 and 3. The wave functions 
of the unperturbed system for this sequence are, in 





Wo’ (A, 2; 2, 3; 1, 3; Pz) = — (8e®/Ri2*Ro3*Ri3*) 
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order, 
(a) 0°=Wo(1)Wo(2)Po(3) ; 
(c) ox°= (1) Po(2)¥,(3) ; 
(d) ¢o°. 


The matrix element Ho,’ for this sequence may be 
expressed as 


Ho; =(V aa(1,2) Jos +LV aa(2,3) Jos +LV aa(1,3) Jo; (15) 
From Eq. (14) and the form of the potentials V ga(2,3) 
and Vaa(1,3) [see Eq. (13)] it can be seen that the 
matrix elements [Vaa(2,3) Jo; and [Vaa(1,3) Jo; in Eq. 
(15) vanish. Hence, Eq. (15) becomes 


= LV aa(1,2) Jos= = (€/Ris®)[2(x1)ou(X2)o» 
— (y1)ou(¥2)or— (21) ou(Z2)ov], (16) 
where 


n= f [vo(1) *(Cauva(1drs, etc. (17) 


Since (1) oy, (%2)o», etc., correspond essentially to dipole- 
moment integrals, they vanish unless the parity changes 
in the transitions 0—y and 0—yv. Assume the ground 
states of the atoms are S-states; i.e., the orbital angular 
momentum quantum number, JL, is zero. (The lowest 
states of the rare gases are 'S».) Then the selection 
rules require AL=-+1 so that the states yu, v, and p are 
P-states.” 

Now suppose that y,(1) is a P, state. Then the 
matrix elements (y1)o, and (21)o, vanish for the following 
reasons. Consider, for example, (¥1)o,. For a single y, y1i 
in > y1s, the product y:,{ Yo(1) ]*¥,(1) is an odd function 
of the x;, and also of y;;, and an even function of the 
Z1s; hence, the integral over the configuration space of 
atom 1 vanishes. It follows that (x2)o, vanishes and 
Ho; also unless y,(2) is a P, state. Hence, we can 
consider a sequence of interactions with y,, ¥,, and y, 
all P, states, then a sequence with these one-atom wave 
functions corresponding to P, states, and finally a 
sequence with only P, states. The triple-dipole inter- 
action for a P, sequence with atom pairs in the order 
(1,2; 2,3; 1,3) is, from Eqs. (5a) and (14)-(17) 


(x1) ow(22)ov* (2) v0(X3)op* (*1) yo(2s) po 





«: = 
u,v,p #0 [W,(1)+W,(2)— 
P:z only 


Five other P, sequences in which the three atoms 
interact in different orders need to be considered, 
namely, (1,2; 1,3; 2,3), (1,3; 1,2; 2,3), (2,3; 1,2; 1,3), 
(2,3; 1,3; 1,2), and (1,3; 2,3; 1,2). The numerators of 


10 E. C. Kemble, Fundamental Principles of oe Mechanics 
(McGraw-Hill Book Company, Inc., 1937), p. 

1 F, Seitz, Modern Theory of Solids (Mea Hill Book Com- 
pany, Inc., New York, 1940), p. 267. 





. (18 
Wo(1)—Wo(2) LW, (1) +W (3) — Wo(1) — Wo(3) J wa 





the equation corresponding to Eq. (18) will be the same 
for the six sequences; the denominators will differ. 

We make the approximation that the energy changes 
in the summation of Eq. (18), W,(1)—Wo(1), W,(2) 
—W,(2), etc., may be replaced by mean excitation 
energies, which are assumed to be equal to the first 


2 Reference 10, p. 541. The selection rule for AZ holds quite 
well except for heavy atoms. 




















Fic. 1. The coordinate axes for the electrons in the three atoms. 
The z axes are normal to the plane of the paper and are directed 
inward. 


ionization potentials V;, V2, and V3; for atoms 1, 2, 
and 3, respectively. The sum of Wo” over all P, 
sequences is then 


8e® 
Wi" (P)=—-—————_ 
Ri2°Ro3°Ri3° 
XQ YL Llx)ou PL (x2)or PL (%s)ooP, (19) 
o, caly 
where 


Q= 4(V i+ Ve2tV3)/(VitV2)(Vet V3)(Vit V3). (20) 


The equation for the triple-dipole interaction for a 
P, or P, sequence of states is similar to Eq. (19) except 
for a factor 2 that is missing, a positive sign, and the 
occurrence of y- or z-matrix elements, respectively. In 
view of the atomic symmetry, for a given atom the x-, 
y-, and z-matrix elements occurring in the equations 
for Wo’ (Pz), Wo'’(P,), and Wo’ (P.), respectively, 
are equal. Hence, the final result for all sequences of 
atom-pair interactions involving P;, Py, and P, states is 


Wo" =2W'" (P:). (21) 
Now it can be shown"™ that 
> Hom’ H mo’ =((H")* Joo— L(A’) 00 F. (22) 


Since for the dipole-dipole interaction of unexcited 
atoms the matrix element H;,’ vanishes, as noted 
previously in this section, the triple-dipole interaction 
is from Eqs. (19)-(22), ' 


Wo" =(— 6e®/Ri2®Ros'Ris°) 
X OL (x1) JooL (x2)? Jool (as) Joo. (23) 


3 L. C. Pauling and E. B. Wilson, Jr., Introduction to Quantum 
M _ (McGraw-Hill Book Company, Inc., New York, 1935), 
p. 204. 
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The atomic polarizability, a, in a static electric field 
can be expressed approximately as 


a 2e"[ x? Joo/V, (24) 


where V is the first ionization potential of the atom. 
If the matrix elements [ (x1)? Joo, etc., are eliminated in 
Eq. (23) by using Eq. (24), one obtains for the triple- 
dipole interaction for three collinear atoms 


3 (Vit Vot V3)a1a203 
Riz*Ros*Rys* (Vit+-V2)(Vot+Vs)(VitVs)_ 


where a, a2, and a; are the static polarizabilities of 
the three atoms. 


W,’"= —_ 





(25) 


Derivation of Angular Dependent Part of W,’” 


To obtain the angular dependence, we consider the 
triple-dipole interaction of three identical atoms using 
a simplified atomic model. Let each atom have one 
electron and have only two energy levels, the lower, an 
s state, the higher, a degenerate p state. The inter- 
nuclear distances are Rj», etc., as before; and the angles 
of the triangle formed by the nuclei are 71, y2, and 3 
(Fig. 1). The coordinate axes for the electron in each 
atom referred to its nucleus are chosen with the x axis 
as the bisector of the angle formed by the lines joining 
that nucleus with the other two nuclei; the z axes are 
perpendicular to the plane of the nuclei. 

From Eqs. (7) and (11a) the interaction potential 
out to dipole terms of two neutral atoms can be ex- 
pressed as 


Vaa(1,2)=[—2D;¢(1)D¢(2)+D,(1)D,(2) 
+D;(1)Dz(2) J(1/Riz*) (26) 


if the coordinate axis of the electrons relative to the 
nuclei are £1, 7, and ¢;, and &, m2, and f2, with the 
€-axes being oriented along the line joining the nuclei; 
D;(1), ---D;(2) are the components along these axes 
of the classical dipole moments of the atoms. Let the 
¢-axes coincide with the z axes, then the components 
D;(1)-+-D;(2) are, in terms of the x, y, z coordinates, 


D,(1) = — ex; cos}yitey: sinz71; 
D,(1)=+ ex singyit+ey1 Cos371; 
D;(1) =ez1; 
D;(2) = + ex2 coszy2t eye Sind 72; 
D,(2)=+ exe sin}y2—ey2 COSZ23 
D;(2) = 22. 


Let the wave functions of the ith atom be defined as 
y.(i) for the lowest state, and W.(i), y,(i), and w.(z) for 
the states p:, py, and p., respectively. Consider a 
sequence of interactions between atoms 1 and 2, 2 and 3, 
and 3 and 1; and let the excited states all be p, states. 
For this sequence the matrix element Ho,’ of the sum 
in Eq. (5a) is designated Ho,’(p.). If thedipole mo- 
ments D;(1), D,(1), etc., are substituted from Eq. 
(27) into Eq. (26), the result for Ho,/(p.) is a sum 


(27) 
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of products of one-atom integrals. Integrals such as 
eS [we(t) \*x2(i)dr; are equal for i equal to 1 or 2; 
let these be equal to M, the dipole moment associated 
with the transition s—p,. The result for Ho;(p:) is 


Ho; (pz) = (2 cos}y1 Cos}Y2+sin371 
sin}y2)(M?/R18). (28) 


Equation (28) expresses the classical interaction of a 
dipole of moment M at the nucleus of atom 1, parallel 
to the x; axis, with an identical dipole at the nucleus of 
atom 2 parallel to the x2 axis. Hence, the remaining 
matrix elements, H;;,/(~z) and Ho’ (pz), for the sequence 
of interactions with the order (1,2; 2,3;3,1) can be 
obtained immediately; they have the same form as 
Hy; (pz), the subscripts 1,2 are replaced by 2,3 and by 
3,1 for Hj,’ and for Hy’, respectively. In a similar 
way the values of Ho;’, Hj’, and Hxo’ can be obtained 
for any sequence of excited states. The various sequences 
for the order of interaction (1,2; 2,3; 3,1) are listed in 
Table I together with the matrix elements Ho,’, etc. 
For convenience the matrix elements Ho;’, Hjx’, Hio’ 
are represented by symbols (x,, x;), (%,, yi), and (yy, yi) 
to indicate the excited states of atoms g and 7; the 
equations for (x,, x;), etc., are 


(xg; Xi) bats (M?/R,;*) (2 COS Yg Cost 7i 
+sin37, sin37;), 
— (yi, %o) = (Xp, Vi) = (M?/R,.°)(2 coszy, Sindy: 
4 1 (29) 
—sin3}7, cos37;), 


(Yo, Vi) = (M?/R,*)(—2 sindy, sind: 
— COS2Y9 COSZYi), 


where g, 1=1, 2, 3 and g+i. 

If, following Eq. (29), the products Ho;’Hjx’Hio' are 
calculated for the sequences listed in Table I and the 
products then summed, following Eq. (5a), one obtains 
W,’” for all interactions with the order (1,2; 2,3; 1,3). 
The calculation, which is straightforward but lengthy, 
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3 (Vit Vot V3) Vi Ve V30a10203(3 cosy1 COSY2 cosy3+ 1) 


TABLE I. Sequence of states and matrix elements for 
triple-dipole interaction.* 








Sequence of states 
for atom No. 





ime Ho;’ Air’ Hw’ 
(x, x, x) (x1, X2) (x2, x3) (x3, x1) 
(x, x, y) (x1, X2) (x2, ys) (ys, %1) 
(x, y, x) (x1, Y2) (yo, %3) (x3, %1) 
(x, ¥, 9) (x1, Ye) (yo, ys) (ys, %1) 
(y, x, x) (y1, %2) (x2, 23) (x3, v1) 
(y, x, y) (y1, X2) (x2, Ys) (ys, 1) 
(y, ¥, x) (y1, Y2) (y2, %3) (x3, V1 
(y, 9, 9) (y1, ¥2) (ye, Ys) (ys, 91) 
(z, 2, 2) (21, 22) (22, 23) (23, 21) 








® The symbol, (x, x, y), for example, indicates a sequence of states in 
which the excited states of atoms 1, 2, and 3 are pz, pz, and py, respectively. 
A matrix element symbol, such as (xg, yi) is Him’, | and m representing the 
states 0, j, k, with 1#m, when atoms g and i interact with the excited 
states being pz and py, respectively. 


yields the result 


Wo!"(1,2; 2,3; 3,1) 
= (C/Ri2®Ro3°R31°)[7 COSY1 COSY2 COSY3 
+2(siny; siny2 cosy3+siny; Cosy2 siny3 
+cosy; siny2 siny;)+1], (30) 


where C is a parameter depending only on M® and the 
two energy levels, W, and W,. The expression within 
the brackets in Eq. (30) can be simplified by trigono- 
metric manipulation of the quantity in parenthesis so 
that Wo’”’ becomes 


Wo!" (1,2; 2,3; 3,1) 
= 3C(3 COSY1 COSY2 cosy3+ 1)/R°RoFRi3°. (31) 


The calculation of Wo’”’ for sequences in which the 
three atoms interact in a different order, as was done 
for the collinear atom case, is not necessary, because 
the dependence on the angles would be the same for the 
different orders of interaction. 

The complete formula for the triple-dipole inter- 
action, obtained by calculating Wo” from Eq. (31) for 
three collinear atoms and comparing the result with 
Eq. (25), is 





Wi" 


(32) 


2 (VitV2)(VetV3)(Vit Vs) Ri2*Ros*Ris® 


For identical atoms Eq. (32) reduces to :!4-5 
Wo" V 08(3 cosy: COSY2 Cosy3+1)/Ri2°Ro3*Ri3°. (33) 


1 The angular dependence part of the formula (33) was given 
previously in reference 1; the constant factor was reported to be 
of the order of Va*. Equations (32) and (33) were stated in 
reference 2. 

15 In March, 1948, Mr. Y. Muto of Japan wrote to the author 
that he had worked out the formula for Wo’” for three like atoms. 
He stated his results were published during World War II in a 
Japanese scientific journal, which he did not identify. The angular 
dependence part of his formula, although in a different form, was 
found to agree with Eq. (33). The factor obtained by Mr. Muto 
corresponding to 3% Va (see Eq. (33)) appeared to be in agreement 
with the latter. 





The Sign and Magnitude of the Triple-Dipole 
Interaction 


From Eq. (33) it can be seen that W,’” is positive, 
indicating repulsion, for an atom triplet forming an 
acute triangle and is negative, indicating attraction, 
for most obtuse triangles. 

The magnitude of the triple-dipole interaction can be 
illustrated by comparing it with the dipole-dipole 
interaction for three rare-gas atoms. For convenience 
we consider two configurations of the triplet of atoms, 
an equilateral triangle, and a collinear array. From 
Eqs. (1) and (33), the ratio of Wo” to Wo” for the 
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three atoms taken in pairs is (11/32)(a/ro*) and 
—(12/129)(a/r*) for the equilateral triangle and col- 
linear array, respectively; ro is the distance between 
nearest neighbors. If accepted values!® for a and fo are 
used, the amount of the ratio $3(a/ro*) for neon, argon, 
krypton, and xenon is 0.0041, 0.0099, 0.0139, 0.0166, 
in that order. It is evident that the triple-dipole inter- 
action is relatively small compared with other compo- 
nents of the van der waals attraction, and hence it seems 


16 For ro, see J. C. Slater, Introduction to Chemical Physics 
(McGraw-Hill Book Company, Inc., New York, 1939), p. 416; 
for a average values were taken from Handbuch der Physik, 
second edition, 24/2, p. 942. 
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unlikely that many applications can be found in which 
the triple-dipole interaction plays an important role. 
Relatively small forces, however, may have a decisive 
influence on the crystal structure of a substance when 
two or more similar structures are likely. The effect of 
the triple-dipole interaction was investigated for a 
situation of this kind, details being given in Part II. 


ACKNOWLEDGMENT 


The author is greatly indebted to Dr. Edward Teller, 
who suggested this problem and gave stimulating 
advice during its development. He also wishes to thank 
Dr. R. J. Seeger, who assumed sponsorship of the work 
after Dr. Teller left the George Washington University. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 19, NUMBER 6 JUNE, 1951 


Triple-Dipole Interaction. II. Cohesion in Crystals of the Rare Gases.* 


B. M. Axitropt 
The George Washington University, Washington, D. C. 


(Received March 5, 1951) 


The dependence of the triple-interaction between three neutral atoms on the configuration of the latter 
suggests a possible explanation of the structure of the crystals of Ne, A, Kr, and Xe. The latter crystallize 
in the face-centered cubic (f.c.c.) lattice, one of the two closest-packed structures, the other being the 
hexagonal closest-packed. The triple-dipole interaction was directly summed in both the f.c.c. and h.c.p. 
lattices for a cylindrical region whose radius and semi-altitude were about three times the nearest-neighbor 


distance. 


The calculations, which were made on IBM punched-card machines, are outlined. The triple-dipole 
interaction amounts to two to nine percent of the cohesive energy for the crystals of the above rare gases. 
The difference in the triple-dipole interaction for the f.c.c. and h.c.p. lattice, although favoring the former 
structure, is less than 0.01 percent of the cohesive energy and hence cannot account for the structure of 


these rare gas solids. 


INTRODUCTION 


EON, argon, krypton, and xenon crystallize in 

the face-centered cubic lattice, one of the two 
closest-packed structures, the other being the hexagonal 
lattice with axis ratio 1.633. The preference for the 
cubic over the hexagonal structure, however, cannot be 
explained on the basis of differences in the dipole-dipole, 
dipole-quadrupole, or higher pole interactions for the 
two crystals. Nor does the repulsive energy, as usually 
calculated, account for the structure. The basis for 
these remarks is indicated by the following considera- 
tions. 

In both crystal lattices each atom has twelve nearest 
neighbors, and the nearest-neighbor distances in the 
two lattices are assumed equal. The repulsive inter- 
action is usually determined only for the nearest 
neighbors; moreover, the interaction between the 
central atom and a nearest neighbor is determined 
neglecting the influence of the other nearest neighbors. 


~ * This pa —_ is based on a portion of a thesis submitted in 
partial fulfillment of the requirements for the degree of Doctor 


of Philosophy at the George Washington University. 
\ aaa address: National Bureau of Standards, Washington, 





Hence, with this approximation the repulsive energy is 
the same for both structures. The dipole-dipole, dipole- 
quadrupole, and quadrupole-quadrupole interaction 
energies are obtained by summing terms such as Cya/R°, 
Caq/R8, Caq/R* over the lattice where the constants 
Caa, etc., are functions of the atomic constants only 
and are all negative. The sums of R~" for the two 
lattices are listed in Table I. For each value of m the 
difference in the lattice sums is about 0.01 percent of 
the sum itself and favors the h.c.p. lattice; however, 
such a difference is too small to decide the structure.' 

Since, as noted in a previous paper,’ the triple-dipole 
interaction between a triplet of atoms depends on the 
configuration of the three atoms, it was logical to apply 
this interaction to the problem of the crystal structure 
of the rare gases. 

The triple-dipole interaction W’” for three like 
atoms is* 


W'"=3 V 08(3 cosy: cosy2 cosy3+1)/Ri2*Ro3°Ri3*. (1) 


1Since the minimum of free energy determines the stable 
crystal structure rather than the minimum of cohesive energy, 
except at 0°K, where the two energies are equal, this discussion 
is valid only for a temperature of 0°K. 
2 J. Chem. Phys. 19, 719 (1951). 
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V and a are the ionization potential and polarizability ; 
Rix, Res, and R13 are the sides and 71, Y2, and 3 the 
angles of the triangle formed by the three atoms. 

Before summing the triple-dipole interaction over 
the two lattices, let us determine this interaction for 
one atom and its 12 nearest neighbors. For convenience 
we express the interatomic distances in terms of ro, the 
nearest-neighbor distance, 


Ry2.= aro, R23= bro, R3i= cro; (2) 


and then introduce K, 
K=%V 08(1/r°). (3) 


The sum of the dimensionless quantity W’’/K for 
nearest neighbors is 14.7113 and 14.7315 for the f.c.c. 
and h.c.p. lattices, respectively. While the difference 
in the sums is only about 0.15 percent of the sum itself, 
it should be noted that a difference does result. No 
difference can result when the dipole-dipole or higher- 
pole interactions with the nearest neighbors are summed 
provided pairwise additivity is assumed as is usually 
done. 


METHOD OF SUMMING W’”’ OVER THE 
f.c.c. AND h.c.p. LATTICES 
For the summation procedure used, it is necessary 
to express the triple-dipole interaction solely in terms 
of the lengths of the lines joining the nuclei. From 
Eqs. (2) and (3) Eq. (1) becomes 


W"=(3(€+0—¢)(?-P+e)(-?+ P+) 
+a°b?c? |K/a'b'c’, (4) 


The contribution of the triple-dipole interaction 
energy to the potential energy of an atom in the lattice 
is obtained by choosing one atom as origin and letting 
the other two atoms be successively all pairs of atoms 
in the lattice, excluding the atom at the origin. 

Since the summation is done term by term, the sum 
is obtained for a finite portion of the lattice. Initially 
it was assumed that a reliable estimate of the lattice 
sums would require summing out to a distance of at 
least 3 or 4 times the nearest-neighbor distance.* A 


TaBLe I. Lattice sum of R~” for the face-centered cubic and 
hexagonal close-packed structures.* 








Sum for Sum for 





face-centered hexagonal 
cubic close-packed 
n structure> structure® 
6 14.4539 14.455 
8 12.8019 12.803 
10 12.3112 12.3124 
12 12.1318 12.1323 





TRIPLE-DIPOLE INTERACTION 





* Nearest-neighbor distance is taken as unity. 

> Data for the cubic lattice from J. Lennard-Jones, Proc. Roy. Soc. 
(London) A107, 636 (1935). 

* Data for hexagonal lattice from M. Goeppert-Mayer and G. Kane, 
J. Chem. Phys. 8, 642 (1940). 





_ * While summing over a larger portion of the lattice is desirable, 
it should be noted that the number of terms or triplets increases 
with the sixth power of the radius of the region of summation. 
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# - A-layer; 


© - B-layer; @- C-layer, 


Fic. 1. Vector representation of the f.c.c. and h.c.p. lattices. 
The z-axis is normal to the figure and is directed outward. 


summation over such a region has roughly 50,000 or 
more terms. Owing to various symmetry conditions 
only a fraction, perhaps one-sixth to one-third of the 
terms, would need to be calculated for each lattice; 
since there were two lattices to sum, the number of 
terms to be calculated was judged to be of the order of 
25,000. An estimate made of the time to do such a 
calculation on a desk-type computing machine indicated 
that the latter equipment was too slow. 

Accordingly, arrangements were made to do the 
calculation on IBM punched-card equipment, enough 
time being allotted for summing to a distance of about 
3ro. The plan adopted in order to make use of the 
symmetry of the lattices was to sum by pairs of atom- 
layers or planes. To do this we need to express the two 
lattices in terms of a suitable system of vectors. 


1. Vector Representation of the Lattices 


Both the f.c.c. and h.c.p. lattices can be formed by 
stacking layers of hexagonally-arrayed atoms. Thus, in 
the h.c.p. lattice the odd-numbered layers, called 
A-layers for convenience, are directly above one an- 
other; the even-numbered layers, B-layers, are above 
one another but displaced a distance ro/V3 relative to 
the A-layers, as shown in Fig. 1. The f.c.c. lattice is 
obtained by stacking the layers of atoms in three 
groups with the sequence A, B, C, A, B, C, etc. Within 
each group the A, B, or C layers are located directly 
above one another. The B-layers are displaced relative 
to the A-layers exactly as in the h.c.p. lattice; the 
C-layers are displaced relative to the A-layers the same 


_amount as the B-layers, but in the opposite direction 


(Fig. 1). 
Choose a set of base vectors, €1, €2, €3 (Fig. 1): 


ei=i; e2=—(3)i+(V3/2)j; es=(%)tk, (5) 
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where i, j, and k are unit vectors along the x, y, and z 
axes, respectively. The position vectors, a and b, of 
atoms 2 and 3 relative to atom 1 at the origin, and the 
vector ¢ joining atoms 2 and 3 are:* 


a= e+ N2e2+ N3e3+ (V3/3)N sj, 
b=mye1+ mze2+ mest (V3/3) Maj, (6) 
c= (m,—1)e1+ (m2— M2) e2+ (ms— Ns)es 


+(v3/3)(M3s—Ns3)i, 


where the m; and n; are integers. V; and M; are defined 
as follows: 


(a) In the h.c.p. lattice: N3 is zero or one when n; is even or 
odd with a similar dependence of M; on m3. 

(b) For the f.c.c. lattice: V3=0 for n3=3s, N3;=1 for ns=3s+1, 
and N;=—1 for ns=3s+2, where s is an integer; M3; depends 
on m; in a similar manner. 


It follows from Eqs. (5) and (6) that the quantities 
a’, b, and ¢? in the equation for W’”’/K are 


(a) a?= (m—}m2)?+9(m2et ZN 2)*+ fue, 
(b) B= (m,—}m2)?+3(m2t+$Ms)?+ fms, (7) 
(c) C=@+B—2(m—zm2)(m— m2) 

—$(no+3N3) (m+ 3M 3) — (4/3) mans. 


2. Region of Summation and Simplifications 
Because of Symmetry 


(a) Region of Summation 


The region selected for summation was a cylinder 
with its axis the z axis and extending four atom planes 
above and four planes below the xy plane. This choice, 
because of the symmetry, reduced the actual amount 
of calculation and also lent itself to a heuristic test of 
the convergence of the lattice sums. The radius of the 
cylinder was (10)!ro and the limits for m3; and ms; were 
|m3| <4 and m3<4. The limits on the radius of the 
cylindrical region correspond to limits on a? and 6? of 


a&<10+2n;, b°<10+3m:;?2. 


Within the limit (10)*7) are 36 points or atoms in a B 
or C layer and 37 in an A layer. 


(b) Plane-Pair Symmetry 


As may be readily calculated the total number of 
plane-pairs (m3, 3) in each lattice which need to be 
summed in the range —4 to 4 is 45. Owing to symmetry 
about the origin in the f.c.c. lattice and to symmetry 
about the plane z=0 in the h.c.p. lattice, the plane-pairs 
(n3, m3) and (—n3, —ms3) are equivalent. Thus only 
about® one-half of the plane-pairs need to be summed. 
In addition, three of the latter plane-pairs are the same 
in the f.c.c. and h.c.p. lattices, namely, (0,0), (0,1), 
and (1,1). Accordingly, only 22 plane-pairs need to be 


4The vectors (v3/3)N3j and (v3/3)M3j are “shift” vectors; 
they displace the hexagonal arrays relative to the A-layers 
parallel to the x-y plane. 
5 If ns= —msy, there is no equivalent plane-pair. 





M. AXILROD 


summed in each lattice and 3 plane-pairs in one lattice, 
or a total of 47 plane-pairs. 


(c) Symmetry about z Aaxis 


Depending on the lattice and on the particular values 
of m3 and n3, the z axis is either a three- or sixfold axis 
for the plane-pair in question. To simplify the IBM 
punched-card procedures, all plane-pairs were treated 
as having a threefold axis. Then only a third of the 
atoms in one plane need to be paired with all atoms in 
the second plane. For convenience it was decided to 
pair the atoms in the third of the ‘“‘m;” plane bounded 
by e; and e2 (see Fig. 1) with all atoms in the “n;” 
plane. Atoms of the m; plane on the « axis were included, 
while those on e2 extended were excluded ; atoms on the 
z axis, called exceptional atoms, were excluded and 
treated separately. Accordingly, the rules for selecting 
one-third of the atoms in the m; plane for an A, B, or 
C layer are 


A: m,>0, m>0; 
B: m2>0, m0; (8) 
C: m>0, me>0. 


The above selection gives 12 “m;” atoms in any type 
layer. 


3. Partial Sum of W’’/K for Each Plane-Pair 


A “regular” set of atom-triplets (11, 2, 13; m1, M2, M3; 
0,0,0) results when the 12 ‘‘m;” atoms, selected ac- 
cording to Eq. (8) are combined with the 36 or 37 atoms 
in the m; plane. An exceptional set of atom-triplets, 
occurring only when m; corresponds to an A layer, is 
obtained by pairing the exceptional atom with all the 
‘“‘m.” atoms. Assume W’’’/K has been determined for 
all triplets. The partial sum of W’’/K for the plane- 


pair (m3= p, n3=4), S(p,9); is 


S(p,q)=S(p,Q) e+3S(p,9) >; if pq, 
S(p,q)=3L5(0,9 +35(p,9)7], if p=q, (9) 


where S(p,g)- and S(p,g), are the partial sums of 
W’’/K for the exceptional and regular sets, respec- 
tively. 


4. IBM Computations 


The IBM computations were performed by the 
Computation Laboratory of the National Bureau of 
Standards under sponsorship of the Office of Naval 
Research. While the detailed IBM program is too 
lengthy to discuss, a brief outline indicates the magni- 
tude of the calculation, further simplifications due to 
lattice symmetry, and the precautions taken to elimi- 
nate errors. 

First, to test the proposed program the calculations 
were made for five plane-pairs nearest the origin. A 
large number of values of W’’/K were duplicates, 
quadruplicates, etc. The procedure was modified to 
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TABLE II. Lattice sums of W’’’/K for various summation limits of m3 and m3. 








, Face-centered cubic lattice 
Summation 


Hexagonal close-packed lattice 


Difference in lattice sums 





limits of No. of terms > i First No. of terms > we First First 

n3 and m3 in sum f.c.c. “K difference in sum h.c.p. “K difference Zh.c.p. —Zf.c.c. difference 
+1 5778 51.516666 tee 5778 51.525713 tee 0.009047 see 
tee tee tee 4.362960 tee tee 4.392537 cee 0.029577 
+2 16110 55.879626 see 16471 55.918250 tee 0.038624 tee 
tee tee tee 0.668315 tee tee 0.671181 aoe 0.002866 
+3 32131 56.547941 tee 32131 56.589431 tee 0.041490 tee 
cee see tee 0.138393 tee tee 0.137502 tee —0.000891 
+4 52975 56.686334 tee 53628 56.726933 tee 0.040599 see 








take advantage of this duplication and the 47 plane- 
pairs calculated. The program is essentially 


1. Prepare a deck of cards (a) having values of a? for all points 
in the region of summation.® 

2. From Deck (a) prepare a deck of cards (b) with values of a? 
and 8? for both lattices and for all point-triplets in the region of 
summation. Calculate c? on these cards. (Deck (b) contains over 
20,000 cards.) 

3. Remove duplicates, i.e., cards having the same values of a?, 
b?, and c?, in Deck (b) to obtain Deck (c), which contains about 
7000 cards. 

4. On Deck (c) calculate as far as the numerator, NV, and the 
denominator factor, a*b’c?, of W’’/K. 

5. Remove duplicates from Deck (c) to get Deck (d), a 4200- 
card deck. 

6. From the cards prepare a list of the values of N and a?b*c?. 

7. Calculate with a desk calculating machine W’’/K and 
transfer the values to Deck (d).? 

8. Merge Decks (d) and (c), and transfer W’”’/K valus; do 
likewise for Decks (c) and (b). 

9. Separate Deck (b) into sets of cards for plane-pairs for each 
lattice; the regular and exceptional card sets are also separated. 

10. Total W’’/K for each plane-pair, following Eq. (9). 


The sum of W’”’/K for each lattice in this summation 
contains about 10,000 terms of positive and negative 
sign, and the process for obtaining all these terms 
involves hundreds of thousands of operations. An error 
in any step would obviously cause the final result to be 
wrong. For this reason an unusual amount of checking 
was required.® For example, 


a. The formation of Deck (b) from Deck (a) was checked by 
comparing totals of quantities such as 1, m2, 6%:—3m2, - - -36a?, 
m1, Mz, -++36b? obtained on Deck (b) against theoretical totals 
for these factors. 

b. The calculations of W’’’/K in step (7) were done twice. 

c. The frequency distribution of W’’’/K for a plane-pair was 
checked. From the lattice diagrams, the replicate terms with 
only a very few exceptions are in even-numbered groups. 

d. The sums for the five plane-pairs calculated first were 
checked against the values for the same five in the calculation of 
the 47 plane-pairs. 

e. The point-triplets (m;;;;0,0,0), which give rise to non- 
duplicated W’’/K values, were determined by visual inspection 
of the lattice and compared with the IBM listings. 

f. The largest terms in each plane-pair were calculated by the 





* Actually, instead of calculating a’, b?, and c*, the quantities 
36a, 3602, and 36c? were computed. Then all factors entering 
Eq. (7) become integers. 

* Square roots were involved as well as division, which cannot 

performed with the model 601 IBM multiplier, the type 
available at the time the calculations were made. 

*Several of these checking procedures were proposed by Mr. 
Jack Laderman of the Computation Laboratory. 





author with a desk calculator and the results compared with the 
IBM punched card values. 

g. The sign of W’’’/K was obtained graphically from values of 
a*, b?, and ¢? for each point-triplet in each plane-pair and compared 
with the sign in the IBM listing (all 20,000-plus terms were so 
checked !). 

h. When the above calculations were completed, an IBM type 
602 multiplier became available. Then the numerator and denomi- 
nator of W’’/K were checked on all cards of Deck (d). Seven 
numerators were incorrect (no independent check was available 
for the numerators). The values of W’’’/K in Deck (d) and then 
the sums for the plane-pairs affected were corrected; the h.c.p. 
lattice sum was changed by 1 in 10,000. 


5. Results of IBM Punched-Card Computation 


The sums of W’’/K for the individual plane-pairs 
are relatively small except when m3; and m; correspond 
to atom-planes adjacent and close to the origin. Thus, 
for the plane-pairs (0,1) and (4,—4) in the f.c.c. lattice 
the sums rounded to two significant figures are 15 and 
—0.0010, respectively. 

For the region of summation selected, a cylinder of 
radius (10)'ro and four planes above and below the xy 
plane, the sums of W’”’/K are 56.686334 and 56.726933 
for the face-centered cubic and hexagonal lattices, 
respectively. These values are accurate to at least five 
decimal places.’ 

An indication of the convergence behavior of the 
lattice sum, as the region of summation is extended in 
the z direction, was obtained as follows. From the plane 
pair sums, the sum of W’’/K for each lattice was 
determined for limits of summation for m3; and mg 
between 1 and 4. The results of this calculation are 
shown in Table II. It is evident from the data in 
Table II that, as the region of summation is extended 
in the manner indicated, 

(a) the lattice sum of W’”’/K increases monotonically 
and appears to be converging to a value of about 57, and 

(b) the difference in the lattice sums for the two 
lattices is always positive and appears to be converging 
to a limit of about 0.04. 

The convergence behavior of the lattice sum of 
W’’/K, as the region of summation is increased uni- 
formly in all directions, cannot be examined by means 
of the plane-pair sums. The possibility of approxi- 
mating the remainder of the lattice sum with an integral 
was considered; a nonrigorous argument (See the 


9 Private communication from Mr. J. Laderman. 
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TABLE III. The triple-dipole interaction for some 
molecular crystals.* 
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TaBLE IV. Ionization potential, polarizability, and nearest- 
neighbor distance data for molecular crystals listed in Table ITI. 











a of 
Vat aye ; sublimation¢ 
Ele- ro? (repulsive Tecomntion* - = 
ment 10-'6 erg 10° erg kilocal per mol “- 
Ne 0.5874 0.3764 0.00904 0.51 24.6 
0.526 0.337¢ 0.008 1¢ 
A 6.084 3.894 0.0934 1.86 84 
5.85¢ 3.74¢ 0.089¢ 
Kr 14.95 9.57 0.229 2.57 116 
Xe 21.88 14.01 0.335 3.59 161 
H. 0.94 0.604! 0.0144! 0.244 14 
Ne 5.74 3.68 0.088 1.57 63 


Nearest- 





Ionization neighbor 
potential, Polarizability, distance,* 
Element a ro 
ev 10-4 cm? 10-8 cm 
Ne 21.56 0.3914 3.20 
0.377+2° 
A 15.76" 1.6354 3.84 
1.614+2 
Kr 14.00 2.484 3.94 
Xe 12.13> 4.034 4.37 
H: 16.4¢ 0.807+3¢ $45 
Ne 17.° 1.716+3¢ 3.96 











® The f.c.c. lattice is assumed with the sum of W’’/K taken as 56.69. 
The values of V, a, and ro are given in Table IV. 
bw” per mol=$NolZjattice W’’/K]K. where K =%%Va3/ro® and 


No =6.024 X10”. 

¢ Data derived from values of heats of fusion and vaporization given in 
Selected Values of Thermodynamic Properties (prepared and distributed by 
the National Bureau of Standards, Washington, 1947), Series II. 

4 This value obtained with first value of a given in Table IV. 

¢ This value obtained with second value of @ given in Table IV. 

{ Since the crystal structure is reported [See Handbook of Chemistry ana 
Physics (Chemical Rubber Publishing Company, Cleveland, Ohio, 1945), 
twenty-ninth edition] to be h.c.p. rather than f.c.c., the value of 56.73 
was used for the lattice sum of W’’/K. 


Appendix.) based on an integral indicates that the 
contribution to the lattice sum is zero for regions in 
which (a) Rx~Pro and Ri3>>r or (b) Ro and Ri3>7o. 
Hence, it appears that, unless another procedure can 
be devised, the convergence behavior of the lattice 
sum of W’”’/K can be learned only by directly summing 
term by term over successively larger but similar 
regions. 


CONTRIBUTION OF THE TRIPLE-DIPOLE 
INTERACTION TO COHESION IN CRYSTALS 
OF THE RARE GASES 


Assuming a value of 56.69 for the lattice sum of 
W’’/K in the f.c.c. structure, values of W’” per mole 
were calculated for crystals of the rare gases. The 
results are shown in Table III together with the 
experimental heat of sublimation; data for H, and Ne 
are also included. The experimental values of V, a, 
and ro used are listed in Table IV. The nearest-neighbor 
distances, 79, are given for temperatures greater than 
0°K; as thermal expansivities for crystals of the rare 
gases are not available, this data cannot be corrected 
to 0°K. The effect would be to increase slightly the 
value for the lattice sum of W’”’ per mole. 

The magnitude of the triple-dipole interaction is 2 
to 9 percent of the cohesive energy for the rare gas 
solids, and it should be noted as being a repulsive 
energy. As noted previously, the difference in the lattice 
sums of W’’/K for the h.c.p. and f.c.c. lattices is of 
the order of 0.04 compared with about 57 for the 
lattice sums. The difference favors the cubic lattice in 
contrast to the small differences in the corresponding 
lattice sums of dipole-dipole and higher pole inter- 


® Data taken from J. C. Slater, Introduction to Chemical Physics 
(McGraw-Hill Book Company, Inc., 1939), pp. 416-7. The temperatures 
at which these values of ro apply were not stated. However, except for Ne, 
these values of ro agree to within 0.01 X10~8 cm with values obtained from 
data in the Handbook of Chemistry and Physics (1945). The latter values 
were reported for temperatures of 5°, 38°, 20.7°, 100°, 2°, and 21°K for 
Ne, A; Kr, Xe, Ho, and No, respectively; a value of 4.00 X10-8 cm for N:2 
was reported in the latter reference. 

b Hubbard and Meggers, Key to the Periodic Chart of Atoms (W. M. 
Welch Scientific Company, 1947). 

¢ F, London, Trans. Faraday Soc. 33, 8 (1937). 

4 Handbuch d. Physik, second edition, 24/2, 942. Each of the above 
values is the average for several observers. 

e Derived from dielectric constants obtained by L. G. Hector and D. L. 
Woernley, Phys. Rev. 69, 101 (1946). 


actions which favor the hexagonal structure. However, 
the structure of the rare-gas crystals cannot be ex- 
plained by the smaller triple-dipole repulsive energy in 
the cubic as compared with the hexagonal lattice, as 
the difference would be less than a ten-thousandth of 
the cohesive energy. 

How can the crystal structure of the rare gases be 
explained? One possibility is nonadditivity in the van 
der waals repulsion. The repulsion is usually approxi- 
mated by a potential V(r) =C» exp(—r/ao), a potential 
which is added up pairwise between a given atom and 
its neighbors to obtain the contribution of the van der 
waals repulsion to the cohesive energy.’°" The inter- 
action between two atoms is influenced to some extent 
by the other atoms,” especially those nearby, so that 
the interactions between pairs would not be exactly 
additive. Another possible explanation is a nonaddi- 
tivity arising from interaction between the van der 
walls repulsion and the van der waals attraction; i.e., 
the deformation of the electronic charge cloud resulting 
from the van der waals repulsion alters the van der 
waals (dipole-dipole, etc.) attraction and vice versa. 
A third possibility, at least for the elements of low 
atomic weight, is a difference in the zero-point energy 


for the two closest-packed crystal structures ; Dietz has f 


shown that the zero-point energy is 10 percent or mort 
of the cohesive energy for argon and neon.” 


VY. Dietz, J. Franklin Inst. 219, 459 (1935), studied the 
lattice of neon. 

J. E. Mayer, J. Chem. Phys. 1, 327 (1933), calculated the 
lattice energies of the silver and thallium halides. 

12H. Margenau, Phys. Rev. 56, 1000 (1939). 

13'V. Dietz, J. Chem. Phys. 2, 296 (1934). 
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APPENDIX 


It can be shown by straightforward integration that the triple- 
dipole interaction is zero between two atoms, 1 and 2, and a 
uniform continuous distribution of atoms on a spherical surface, 
provided the latter surface is centered at atom 1 and has a radius 
r not equal to Ris. This result can clearly be generalized to apply 
to the case of a spherical shell of atoms which is centered about 
atom 1 and does not contain atom 2. It then follows that if atoms 
1 and 2 are imside a spherical shell whose exterior radius is in- 
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creased without limit, the interaction between these two atoms 
and all atoms on this infinite hollow sphere is zero. Further, if 
atom 2 is outside a uniform continuous distribution of atoms on 
a spherical shell centered on atom 1, the interaction W’” of 
atoms 1 and 2 with the spherical shell of atoms vanishes. 

These results should apply to the f.c.c. and h.c.p. lattices 
provided the distances from atom 1 and atom 2 to the spherical 
shell are large. That is, as the region of summation is extended 
the contribution is zero for all terms such that Ri2>ro, Ris>ro, 
and Ri2—Ri3>>ro. However, as the region of summation is ex- 
tended, we cannot neglect terms corresponding to the situation of 
atoms 2 and 3 close together but far from the origin, i.e., Ris>ro, 
Ris>ro, and ro< Ros <fro, where f is of the order of 3. The following 
nonrigorous argument that this contribution is also zero is pro- 
posed. Let atoms 2 and 3 be the various pairs of atoms in the 
f.c.c. (or h.c.p.) lattice included in a spherical shell whose thickness 
is several times 79 and whose radius is many times 7o. Suppose a 
coordinate system x’, y’, z’ located at atom 2 but remaining 
parallel to the x, y,z axes at atom 1 as atom 2 is allowed to be 
any of the atoms in the spherical shell. Consider all configurations 
of atoms 1, 2, and 3 with the latter two in the spherical shell 
and with R»; a constant vector. Relative to the x’y’s’ coordinates, 
these configurations consist of atoms 2 and 3 fixed and atom 1 
being located successively at uniformly distributed lattice points 
in a spherical shell centered about atom 2. As indicated before, 
the integral of the triple-dipole interaction is zero for two fixed 
atoms with such a distribution of atoms. Res; may be any fixed 
vector, so that the same argument applies to all configurations 
with atoms 2 and 3 in the spherical shell. Therefore, by this 
reasoning the contribution to the summation of all terms for the 
situation of atoms 2 and 3 close together but sufficiently far from 
atom 1 is zero. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 19, NUMBER 6 JUNE, 1951 


Gaseous Diffusion as a Random Process 


W. H. Furry aAnp P. H. PITKANEN* 
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 


(Received February 15, 1951) 


It has long been known that the problem of random flights of a single molecule provides in principle a 
method for calculating the diffusion coefficient D,2 for the case in which the concentration of the diffusing 
component is small. This method has been, in effect, an elementary and rather crude one, because correla- 
tions of speed and direction were not taken into account and, accordingly, the rather ambiguous concept 
of mean free path had to be given an arbitrary definition. In this paper we overcome these difficulties and 
give an accurate treatment of gaseous diffusion based on the random flight method. The determination of 
the diffusion coefficient is made to depend on the solution of an integral equation; the unknown function 
of this equation can be interpreted as the unambiguously defined effective mean free path, for diffusion, of 
molecules of given speed. The resulting value of Dj2 is the same as is obtained from the standard Enskog- 


Chapman treatment based on Boltzmann’s equation. 


I. INTRODUCTION 


HE elementary treatment of gaseous diffusion as 

a process of random flights leads, for the case in 

which the concentration of the diffusing component is 
small, to the formula 


Dy= 301M, (1) 
where Dj» is the diffusion coefficient, and @, and ), are, 


respectively, the mean speed and mean free path of a 
molecule of the diffusing component. This is the same 





aa at Department of Physics, Rice Institute, Houston, 
exis, 


result as was obtained in the early mean free path 
treatment of diffusion by Meyer.' Both of these argu- 
ments may be found in a number of textbooks.” 

The neglect of correlations between the speed and 
direction of motion of a molecule in successive paths 
makes the mean free path treatment of diffusion dis- 
tinctly unsatisfactory. As an elementary treatment the 


10. E. Meyer, Kinetische Theorie der Gase (Breslau, 1899), 
second edition, pp. 252-263. 

2 E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1938); J. H. Jeans, An Introduction to 
the Kinetic Theory of Gases (Macmillan Company, New York, 
1940). 
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momentum-transfer argument devised by Stefan* is 
very much superior.‘ Fully correct results have been 
obtainable only from the equations of Boltzmann and 
Maxwell as solved in systematic approximations by 
Enskog® and by Chapman.*®:®* 

For the case of small concentration of one component, 
we have been able to perfect the random flight method 
and obtain a treatment of diffusion that is entirely ac- 
curate within the usual assumptions of gas theory and 
leads to the same results as the Enskog-Chapman treat- 
ment. This is done by taking fully into account the 
correlations between velocities in successive paths. The 
same approach has been partly developed in a recent 
paper by Yang,’ who obtained the same formulation in 
infinite series as is given here, but did not make 
the transformation to the formulation in terms of an 
integral equation. Yang pointed out that this sort of 
treatment, in principle, eliminates the ambiguities in 
the idea of mean free path, but could give for this only a 
general qualitative argument, not a genuine proof. 
Both this proof and the ready calculation of the value of 
the diffusion coefficient depend on the use of the in- 
tegral equation. 

In the following Section we give the basic formula- 
tion of the problem, beginning with the random flight 
picture and leading to the basic integral equation. 
Section III contains a direct proof that the results of 
the calculation are not affected by the ambiguities in 
the definition of free path. In Sec. IV a simple ap- 
proximate method of solution is described, and in the 
succeeding Section this is used to calculate Dj, in the first 
two approximations. Finally, Sec. VI contains the proof 
that the results of the random flight method, for the 
cases of limiting concentration to which it applies, are 
in all approximations the same as those of the standard 
Enskog-Chapman treatment. 


II. FORMULATION OF THE METHOD 


The equation of diffusion, 
(0n,/0t)=DyV?n, (2) 
has as its fundamental spherically symmetric solution 
m= At} exp[_ — R®/ (4D) J. (3) 


Here KR has been written for the radial coordinate. The 
usual macroscopic interpretation of this formula is that 
it gives the mean number density of molecules of species 
1, the total number of such molecules being (47Dj2)!A. 


3 J. Stefan, Wien. Sitzber. 65, 323 (1872). 

* A comparison of the two elementary methods is given by W. H. 
Furry, Am. J. Phys. 16, 63 (1948). 

5D. Enskog, Physik. Z. 12, 56 and 533 (1911); dissertation, 
Kinetische Theorie der Vorginge in Médssig Verdiinnten Gasen 
(Upsala, 1917). 

®S. Chapman, Trans. Roy. Soc. (London) 217A, 115 (1917). 

8S. Chapman and T. G. Cowling, The Mathematical Theory of 
Nonuniform Gases (Cambridge University Press, London, 1939). 
7L. M. Yang, Proc. Roy. Soc. (London) A198, 94 (1949). 
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The formula can also be given a suggestive microscopic 
interpretation: When A is set equal to (47D,2)~?, the 
expression on the right-hand side of Eq. (3) gives for 
‘>0 the probability density for the position of a single 
molecule of species 1 that was at the origin at time /=0. 
This three-dimensional gaussian probability density is 
completely specified by a single parameter, the mean 
square distance (R’). From Eq. (3) it follows that 


Dy»= (R?) 6t. (4) 


We have here introduced a special notation for the 
average, chosen for convenience in our later arguments. 

The displacement R of the molecule from the origin 
is the sum of its successive free paths r;: 


R=). inj. (5) 


The number of terms in the sum is proportional to the 
time /; according to the fundamental postulates of 
kinetic theory, every value of ¢ that could have sig- 
nificance in macroscopic interpretations of Eq. (3) 
is such that this number of free paths is extremely large. 
From this it follows that the probability density for the 
position R is indeed three-dimensional gaussian. For 
the usual elementary argument with neglect of correla- 
tions between paths, this fact is an immediate conse- 
quence of the central limit theorem of probability 
theory; a proof for the general case is given in the 
Appendix. 

Our object is to evaluate Dy. from Eq. (4) by using 
Eq. (5) to calculate the average value of R®. We first 
note that 


R=Por2t2dorye raat: +2 rierant:::. (6) 


The averaging of this expression will now be carried out 
in two steps. The first kind of averaging, indicated by a 
bar, is the average over all possible displacements at a 
prescribed sequence of speeds of the molecule; the sec- 
ond, indicated by brackets ( ), is the average over all 
speeds. The probability that the length of the ith path 
will fall in the interval (r;, dr;) is 


p(r;)dr;=expl —r;/U(c;) ]-dri/U(c;), (7) 


where /(c;) is the mean free path of a molecule of species 
1 with speed c;. It is well known that Eq. (7) gives 


F;=l(ci), r2=2(l(c;))?. (8) 
As long as the sequence of speeds is kept fixed, there is 
no correlation of the distributions p(7;) with each other 
or with the directions of the paths. The first step of 
averaging can thus be carried out by averaging each 
factor of a product separately. As a convenient ab- 
breviation we define 


xi, ;=cos(Ki, rj) =cos(c;, ¢;). (9) 
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From Eq. (6) we then get 
R= Dr 2+ 2D highs, at +2DP Piped pete. (10) 
For a particular sequence of paths 7;, 741, riz2 we have 
Mi, po Xi, 4 1Vigs, at (1— 2, 141) ‘(1 — 0 41, i+2)? cOs¢, (1 1) 


where ¢ is an azimuthal angle, the angle between the plane of r;,; and r;,2 and that of r; and rj,,. All values of @ 
are equally probable, and in the first step of averaging there is no correlation to be considered. Then 


Li, ip2= Zi, i410 i41, i+2- (12) 
By repetition of this same geometrical argument we find 
Li, i4k=Zj, 410241, ++2°° *Litk—-1, i+k- (13) 


From Egg. (10), (8), (12), and (13) we obtain as the final result of the first step of the averaging process, 
R= 2D (l(ci)) P+ IDM (Ci) (Cis) Hi, cea t + + HADU Ci) (Cope s, cpvBigs, 42° + Figeaget + (14) 


The second step of the averaging is to be carried out for each term in Eq. (14) by considering the distribution of 
possible speeds c; as given a priori (a maxwellian distribution), and the distribution of values of c;,, and £;, j4; as 
correlated with the value of c; and with each other. These distributions are independent of the value of the sub- 
script i, so that the average value of each sum is just the average value of the first summand multiplied by the 
number of summands. If this number is .V for the first term in Eq. (14), then it is ’—1 for the second, and so on. 
The number of terms in Eq. (14) that contribute significantly is, in general, moderately small, and in any case is 
fixed, independent of NV for all very large V. Thus, according to the basic postulates of kinetic theory, we are to 
take the number of summands as .V throughout and write as the result of the second averaging, 


(R®) = 2N { ((U(c1))?)+ U(c1)U(c2)B12) + U(cr)1 (C3) Br2Bo3) + + + «+ U(Cr)U (Cig 1) E10 29° + Be, nga)+- +}. (15) 


Here it is not permissible to average the factors separately. In this second step of the averaging the correla- 
tions come into account, since it is the speeds that are correlated with each other and with the relative directions 
of the successive paths. We denote by /1(c:)dc; the probability that the given molecule of species 1 has speed in 
the range (ci, dc:); this is the maxwellian distribution, 


filer)dey= (m,/2rkT)?} exp(—myc?/2kT) -4rc;7dei, (16) 


where m, is the mass of the molecule of species 1, and T is the temperature of the gas of species 2 through which it 
is wandering. This is, of course, the a priori probability. To deal with the speeds c2, cs, --- and the quantities 
*; j41, We require a certain conditional probability, which can be calculated from dynamical considerations (Sec. 
IV), but which for the present can simply be represented by a convenient symbol. Accordingly, we denote the 
probability that cj,1 is in the range (c’, dc’) and x;, ;4; is in the range (x, dx), given that c; had the value c, by 
f(c; c’, x)dxdc’. This is a normalized conditional probability, 


f f f(c; ¢, x)dxdc’=1, (17) 


as it is concerned only with the possible results of the collision, on the assumption that a collision does take place. 
It is to be understood that in Eq. (17) and all succeeding equations, integrals over variables ¢ have the limits 0 
and «, those over variables x the limits —1 and 1. 

For a given total time /, the mean time spent by the molecule with speeds in the range (ci, dc) is tf(c1)de1; the 
distance traveled with such speeds is /c:f(c:)dc,; and thus we have the following: 


Number of paths with speeds in (¢1, de1) = tex (I(c1)) 1 f(e1)de1. (18) 


Then the first term in Eq. (15) can at once be evaluated: 


2N(le.)})}=28 [ Wa))*exle))-Yileder=2t f aCO\flcde (19) 


In general, if we denote by ( )c: the average taken over the conditional probability distribution with ¢ held fixed; 
then 


VQ=tf QaraledYfileddes (20) 
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We have now 
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MeN adFuya=HeyMedewda=He ff fase x)xdxl(c’)dc’. (21) 


On introducing the abbreviation, 


G(c, d= f Kee, x)xdx, (22) 


we find from Eqs. (20) and (21) that the second term in Eq. (15) becomes 


2NUeM(eax)=2 f cfldde [ GC, c’)l(c')dc’. (23) 


Proceeding to the third term of Eq. (15), we see that 


WeMervttsda=He) ff ff 1c C2, %12)¥2d% 2d C0 f (co; C35 X23) X34 231(c3)dcg 


As a natural abbreviation we write 


=1e) ff GCs €2)dexG (Co, 3)1(c3)dc3. (24) 


G2(c, c')= fe c’’)de"'G(c", c’), (25) 


and then from Eqs. (20), (24), and (25) it follows that 


2N (L(cy)1 (C3) ¥12%23) = 2 f cflode f 6%, c’l(c')de’. (26) 


Clearly, all further terms in Eqs. (15) can be calculated by the same procedure, and, on introducing the uth iterate 


G(c, c’) by the usual definition, 


Gc, c= ferre, "\de""G(c""", c’), (27) 


we have all told 


R= f flode-c f to" +66, c')+G(c, c++ ++ +GM(e, c)+-+-fl(e)de’. (28) 


The series appearing here is just the Neumann series 
for the solution ¥(c) of the integral equation, 


V(o)=Ko)+ J Gc, cW(c)de (29) 


When /(c) and G(c, c’) are specified, this equation de- 
termines uniquely the function ¥(c), because the Neu- 
mann series converges. We then have, by Eqs. (4), 
(28), and (29) 


Di=(R)/61=} f filcide-o(c). (30) 


If correlations of direction between successive paths 
were to be neglected, this would mean G(c, c’)—0, 
and in Eq. (30), ¥(c) would be replaced by /(c), giving 
essentially the crude elementary formula of Eq. (1), 
with the specification of a particular kind of averaging. 
Thus, it is clear that in the function ¥(c) we have found 
the definition of an effective mean free path for diffu- 
sion, precisely corrected for all effects of persistence of 
velocities. 





Ill. AN INVARIANCE THEOREM 


For the special and very artificial case of rigid 
spherical molecules the primitive concept of mean free 
path has an unambiguous meaning, because there is 
always a natural objective answer to the question as to 
whether or not two rigid molecules do collide. For 
molecules that are centers of force this is, as a rule, not 
so, because two such molecules exert some force, albeit 
of small magnitude, on each other even at large dis- 
tances. Thus, in general, any development of a kinetic 
theory of gases must begin with an essentially arbi- 
trary definition of a collision, in which encounters 
producing, say, deflections smaller than a certain angle 
are left out of account. In familiar contemporary 
language, one must “impose a cutoff.” 

In the methods of Maxwell and Boltzmann, which do 
not use the concept of mean free path, this original 
ambiguity disappears as soon as the basic equations are 
set up. In both Maxwell’s equations of change and 
Boltzmann’s differentio-integral equation, an integral 
taken over the parameters of a collision always contains 
as a factor in the integrand the difference of the values 
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of some function of molecular variables taken before 
and after collision. Such a factor obviously becomes 
small for distant encounters, and, indeed, for all force 
laws admissible in kinetic theory factors of this kind 
make the integrals absolutely convergent, so that the 
idea of a cutoff ceases to play any part in the argument. 

In the random-flight argument that has just been 
given, the quantity /(c), ambiguously defined and with 
values very sensitive indeed to the particular choice of 


uniquely determined. In fact, the changes in /(c) and 
in G(c, c’) produced by a change in the cutoff turn out 
to compensate each other, so that the integral equation, 
Eq. (29), is in this sense invariant. 

Suppose the definition of a collision is changed so 
that the collision probability for a molecule of type 1 
and speed c is increased by a factor 1+ a(c) through the 
inclusion as “‘collisions” of additional distant encounters 
that produce practically negligible deflections. Then 





l(c) is replaced by a new “mean free path,” /*(c): 


U(c)—I*(c)=U(c)/{1+a(c)}. (31) 


the cutoff, plays a leading role throughout. We now 
proceed to prove that the quantity /(c) is, nevertheless, 





The conditional probability function f(c;c’, x) is also replaced by a new function /*(c;c’, x): 
fle; c', x) f*(c; ¢', x) ={ fle; c’, x) +a(c)6(c’—c)6(x—1)}/{1+a(c)}. (32) 


Here the appearance of Dirac 6-functions corresponds to the fact that the additional ‘‘collisions” produce no ap- 
preciable change of velocity, and the denominator is chosen to make /*(c; c’, x) satisfy the normalization condi- 
tion, Eq. (17). The calculation can be conducted throughout in terms of the starred functions instead of those 
originally used. Then we see that 


G(c, c’)>G*(c, c’)= {G(c, c’) +. a(c)6(c’—c)}/{1+a(c)}, (33) 


and the function y¥(c) will be found to satisfy the equation 
Ho=M(O+ f Ge, cw(eae. (34) 


On substituting from Eqs. (31) and (33) into Eq. (34) and multiplying by 1+ a(c), we find that ¥(c) must satisfy 
Eq. (29), with the original (rather arbitrarily chosen) values of /(c) and G(c, c’). It has already been noted that 
Eq. (29) has a unique solution. Thus, ¥(c), although defined as the solution of an equation that involves quantities 
whose definition is highly ambiguous, is itself uniquely determined. 


IV. THE METHOD OF SOLUTION 


The probability per unit time that a molecule of species 1 and speed c; undergoes a collision that gives it a speed 
in the range (c;’, dc;’) and that makes the cosine of the angle of deflection fall in the range (x, dx) is 


x(¢1; €1', x)dxdey’ = Py2(c1) f(e1; cx’, x)dxdcy’. (35) 


Here f(¢1; 1’, x) is the previously defined conditional probability, and P12(c;) is the total probability per unit time 
that the molecule of species 1 and speed c; undergoes some sort of collision: 


Prxa)=altla)= ff xteser’ x)dxdcy’. (36) 


The subscript 2 is a reminder of the fact that in our random-flight method our molecule of species 1 is regarded as 
making collisions only with those of species 2. Species 1 itself is present in negligible concentration, the relation 
between the number densities being 


NyKnNoe=n. (37) 


The usual analysis of the theory of a binary collision® gives as the explicit expression for x(¢1; ¢1’, x)dxdc;’ 
x (C1; cy’, x)dxdc,’ = nz f fo(c2) gbdbdedc(dQ2/4r). (38) 
R 


Here b and ¢ are the impact parameter and azimuthal angle for a collision, ¢2 the velocity of a molecule of species 2, 
dQ. an element of solid angle containing the direction of ¢2, g=|c:—c2| the relative speed, and ® the region of the 
quantities b, €, c2 that yields collisions giving x and cy’ in dxdc;’. f2(c2) is the distribution of speeds of the molecules 


* See, for example, reference 6a, pp. 60-62. 
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of species 2, namely, the maxwellian distribution 
fo(c2)de.= (m2/2rkT)} exp(— moC2/2kT) ‘ 4mcedce (39) 


analogous to /1(c:) (Eq. (16)). 
For clarity in the ensuing argument we now affix the subscript 1 to the symbols c and c’ in Eq. (29); then, multi- 
plying the equation by Pi2(c,) and using Eq. (22) and Eqs. (35)—(38), we obtain 


a=nf tHo)-va) cos(€y, C1’) } fo(c2) gbdbdedc2(dQ./47). (40) 


Because of the integrations over dc;'dx required by Eqs. (22) and (29), the restriction to a region ® stipulated in 
Eq. (38) is removed, and the integration in Eq. (40) extends over the entire range of the quantities ), €, co. The 
abbreviation x has been replaced by its explicit meaning, cos(¢i, ¢:’). The factor in curly brackets becomes small 
for remote encounters, so that the integral converges absolutely ; thus, Eq. (40) is manifestly independent of the 
choice of a ‘“‘cutoff.” 

The function ¥(c;) will be obtained approximately by assuming an expression containing a number of parameters 
and using Eq. (40) to determine their values. For this purpose it is convenient to replace Eq. (40), an identity in 
the variable c;, by a set of equations relating single numerical values. A rather natural choice for these numbers is 
to make them the mean values of the powers of ci; this is done by multiplying Eq. (40) by c:°*"fi(c1)de; and in- 
tegrating to obtain 


(erty=n f ca*{(c1) —W(cr’) cos(1, €1')} frlcr) fol ce) ghdbdederdeo(dQy/4m) (422/47). -) 


This procedure introduces a degree of symmetry in c; and ¢: that proves to be very convenient; to enhance the 
symmetry an integration over (d{2,/47) has been inserted without changing the value of the expression. 

For values of c; small compared with its rms value (3kT/m,)', collisions of reasonable violence are caused essen- 
tially by the motion of the other molecule; accordingly, the mean free time is independent of c;, and the mean 
free path is proportional to c;. Thus, it is reasonable to take for ¥(c,) a polynomial beginning with a term propor- 

. tional to c;. It turns out that the integration of the expression (41) is feasible only for terms of odd degree in such 
a polynomial, and we therefore put 


¥(c1)= Boes+ Boc P+ Bycp+ saad (42) 
The corresponding expression for Dy» is, by Eq. (30), 
Dy»= ) ()BKa'?)= > (evenr) (4) B, -1-3--- (r+ 3)(RT/m;)! +r, (43) 


The first approximation is obtained by using one term, with r=0; the second, by including also the term with 
r=2; and so on. 


That this procedure gives a series of approximations converging to the correct value of Diz can be made plausible by quite simple 
arguments. The quantity ¢,y(c,) is surely very nearly constant for, say, ¢,2?<(c,?)/10. On the other hand, the exponential factor in 
fi(c,) assures that the contribution from c;2>10(c,?) in the calculation of Dj. from Eq. (30) is entirely negligible. Then Weierstrass’ 
approximation theorem assures us that for (1/10) <<< 10 the function ((¢,2)&)~4¥[[((c,2)€)!] can be represented with arbitrary precision 
by a polynomial of sufficiently high degree in £. 


In practice, one can use a polynomial (42) with only a few terms, in fact only one or two. It is important that 
values of s be chosen so that specific equations obtained from Eq. (41) shall give the best possible approximations 
to the coefficients B,. This means that we use small values of s, so that the behavior of the factor c** in the in- 
tegrand shall be as unimportant as possible compared with that of the other factor involving y. The integration is 
feasible only for s=0, 2, 4, ---. Thus, for the first approximation, we use r=0, s=0; for the second approximation, 
r=(), 2, s=0, 2; and so on. Explicitly, 


First approximation : nA 9p Bo= (ce?) = 3kT/m; (44) 
Second approximation: mnAooBo+nAo2Bo=3kT/m,, (45a) 
nA 20Bot nA 29Bo= 15(kT/m;). (45b) 


According to Eqs. (41) and (42), the coefficients are given by 


An= f c1*{ex—cy'"(e1-€1/)} fulca) fala) gbdbdedcdco(dQy/4m)(d%2/4n). (46) 
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To calculate them we make a transformation to center-of-mass coordinates: 


G= M1e1+- M2e2= Mc1'+ Mey’, (47) 
$=Ci—C2x,  g'=C)'—C2’, (48) 
where?® 
M,=m,/mo, M2=m2/mo, Mo= M+ My». (49) 
Then 
f1(€1) fo(C2)derdeod Q\dQ.= F(G) f(g)dGdgdQ¢dQ, (50) 
with 
F(G)dG= (mo/2rkT)} exp(— moG?/2kT) -40G'dG, (51) 
f(g)dg=(mym2/2rmokT)} exp(— mymog?/2mokT) - 4rg°dg. (52) 
Also, from Fig. 1 and Eqs. (48) and (49) we have” 
cr=G’+ M.*¢’+2M Gz cos, (53) 
61°=@+M2¢g’+ 2M Geg(cosé cosx+sind sinx cose), (54) 
(c,-¢;/)=G@’+ M.Gg cos6+ M 2Gg(cosé cosx+siné sinx cose)+ M2?" cosx. (55) 


Here g= | $| = | ’|, and x is the angle of deflection in the center-of-mass system. When Eq. (50) is substituted 
into Eq. (46), we see that by taking G as polar axis for specifying the direction of g we can make the integrations 
over dQg and the azimuthal angle of g trivial. We then have 


Aw=2 f c1*{c1"*2—cy'"(e1-€1’)} F(G) f(g) gbdb(de/2m)3 sinddedGdg. | (56) 


The first factors of the integrand can be calculated in terms of the remaining variables of integration by means of 
Eqs. (53)—(55). We note that the expression in curly brackets is of the form { H(0)— H(x)}, so that throughout most 
of the calculation we need consider only the second term, replacing it by the corresponding difference when we 
come to integrate over dbdg (as x is a function of b and g). 

The integrations with respect to ¢, #, and G are very easily performed: 


f o(€)(de/2m) = average of $(e) on unit circle, (57) 
0 

f (6) -} sinéd@= average of (6) on unit sphere, (58) 
0 

f G??F(G)dG = (G??)=1.3- + -(2p+1)(kT/mpo)?. (59) 
0 


The dependence of x on the remaining variables b and g is determined by the particular law of force between the 
molecules. It is unnecessary to consider here any special models; the results can be indicated for comparison with 
those of the standard treatment by introducing for the integrals in question the notation of Chapman and Cowling :" 


24200(Q) = (/A)Eomama/ COmok TY} f ef(ode f (1—cos'x) gbdb. (60) 


The calculation of A,, for any non-negative even 
values of r and s accordingly consists of the following 
simple routine steps: 


(a) Calculate c;’"(e1-c;’) from Eqs. (54) and (55), 
and then omit all terms independent of x. 


* The notations used here are for the most part those of Chap- 
man and Cowling, reference 6a. 

The most straightforward way to obtain Eqs. (53)-(55) is to 
find the rectangular components of G, g, and g’, say in a system 
with Zaxis||g, and Yaxis||GXg. The components of ¢; and ¢;’ 
are then found from Eqs. (47) and (48). Fic. 1. Relative directions of various vectors 

1! See reference 6a, p. 157. shown on the unit sphere. 
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(b) Average with respect to ¢, over unit circle. 

(c) Multiply by c;° calculated from Eq. (53). 

(d) Average with respect to 6, over unit sphere. 

(e) Arrange as polynomial in cosx and omit the 
term independent of x. 

(f) Replace G?? by (G?”) from Eq. (59). 

(g) Replace g** cos'x by 8[2mokT/mym, ]2Q12 (q). 


(The factor here includes the 27 multiplying the integral 
in Eq. (56).) 


V. THE FIRST AND SECOND APPROXIMATIONS 


To obtain the value of D4, in first approximation, we 
need only the value of Aoo. The calculation is as follows, 
in the steps (a) to (g) that have just been described: 


(a): MeGg(cosé cosx+siné sinx cose)+ M2?" cosx 
(b), (c): MeGg cos@ cosx+M 2’¢" cosx 
(d), (e): M2?g* cosx 
(f), (g) : Ano= 8M 2(2mokT /myme) Qi. (1). (61) 
Then by Eqs. (44) and (49) 
Bo= 3kT/(nm,A 00) = 3mo/[16nm2Q12 (1) ], (62) 

and by Eq. (43) 

[Die ]1= BokT/m,= 3mokT /[16nmym2Q)2 (1) |. (63) 


For the second approximation, we require also the 
values of Ax, Aoz, and Ags. These are readily worked 
out by the seven-step routine; for convenience, we 
record the results in terms of the abbreviations used 
by Chapman and Cowling :” 


A => Qy2(2)/5Qy2(1), 
B= {5Q12™(2)— Qs (3) } /5Qi2 (1), (64) 
C= 2032 (2)/5Q,2(1). 

Then we have 

A = Ao2= Ao: (SAT /m)(Mi+M 0), (65) 


A 22> A 00° 5(kT/m,)? 
X {11M"+8M,\M.A—4M2B+10M2C}. (66) 


For the second approximation, Eq. (43) becomes 
[Dye |o= (RT /m 1) Bo+5(RT/my)*Bo. (67) 


Equations (45a and b) and (67) provide three equations 
for the three quantities Bo, Bo, [D2 ]2. On solving for 
[ Die ]e, we find 


[Dye jo= [Dre 1/(1—A) (68) 
with 


A= 5(C— 1)?{5— 4 B+ 6(m;/my)?+8(m;/m2)A j—t, (69) 


When the condition on the concentrations, (7/2) 0, 
is applied to the results of the standard method, the 
formulas reduce to those obtained here in Eqs. (63) 
and (69). In the next section we shall prove that al- 
though the arguments and calculations given here 


2 See reference 6a, p. 164. 
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appear very different from and considerably simpler 
than those of the standard method, the results must be 
the same in every order of approximation. 


VI. PROOF OF EQUIVALENCE 


The equivalence of the two methods will be demon- 
strated by identifying in the standard formalism a func- 
tion that is related to Dy. in the same way as is y(c), 
showing that the requirements this function has to 
satisfy are equivalent to the basic integral equation (29), 
and explaining the equivalence of the two methods of 
approximate solution. Because the random-flight treat- 
ment applies only in the limit (7,/n2)—0, we proceed 
to examine the pertinent part of the formalism of the 
standard treatment in this limit. In what follows, equa- 
tions numbered in square brackets are those bearing 
the corresponding numbers in the treatise of Chapman 
and Cowling.® To try to make this section independent 
of reference to their work would involve an utterly 
prohibitive increase in its length. 

The existence of diffusion in a binary gas mixture is 
indicated by the relation 


(C,—C.)0, (70) 


where C, and C, are the peculiar velocities of molecules 
of the two species. Using the method of Enskog and 
Chapman, we write 


(C,—- C,)= mi f f(CayCudCs 


—nz# f f(Ca)CxdC, [8.4] (71) 


where f; and f/f: are the nonequilibrium distribution 
functions to which the approximation 


fi=fO A+) [7.1,1;7.13,2] (72) 


is made. Since the second gas is assumed to be in a steady 
state, Po’ =0. For constant temperature and pressure, 


&,Y=nD,- dy, (8.31, 1 | (73) 
where 
dys=n"Vny, 


D,= D(C) Cy. 
With these assumptions, Eq. (71) becomes 


[83,7] (74) 
[8.31,3] (75) 


(C))= —_ (n/3m}) | fre (Cy)CYD(C;)dC, dy. 


[8.4,1] (76) 
Now we note that 


(C,— C:) = (C)) =— Dy2(n in iN2)Vny, 


from which, using Eq. (76), we obtain 


[8.4,3] (77) 


Dy»2= (na/3n) [ foO(C)CPD(CMAC. (78) 
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Equation (78) is now integrated over the angle variables, 
and we identify 4rC°/, as our mfi(Ci). We also 
recall that m2n. Then 


Dis= (1/3) f f(CYC2D(C)dC. (79) 


In the case considered the mass velocity is zero, so that 
peculiar velocity and actual velocity are the same, and 
C; can be identified with our c;. Then Eq. (79) is just 
our expression, Eq. (30), for Diz provided that 


D(Cj) = (mC 1) “W(C)). (80) 


The identification will be complete as soon as we ex- 
hibit the integral equation which D(C;) satisfies. 

According to the Enskog-Chapman theory, the 
vector D, must satisfy a condition which, for our pur- 
poses, we write as 


no CiOC)= ff fVs(D.— Dy’yhusdkdC, 


[8.31,5] (81) 
where 
kyodk= ghdbde. (3.5,3] (82) 


(The other equation given along with Eq. (81) with the 


number 8.31,5 drops out because m,—>0, D.=0.) 
Equation (81) may now be written in the form 


C= Cum 9(Cy) ff fuAradkaC, 


J foe buhay C’m0(C1). (83) 


We form the scalar product of Eq. (83) with the unit 
vector C,/C,, and note that 


P3(C,)= J [poesdnace (84) 


Then, again identifying C; with c; for our random- 
flight case, we have P 


C= 140, D(c1) P(e) 


— ff s7:cmcr' 210 yeasts, (85) 


where 
x=cos(¢;, Cy’). 


Now let ¥(c1)=mc,D(c1), and rearrange the last 
integral : 


C1= (C1) Pi2(€1) — Pi2(c1) f G(c, cr )W(er’)dey’, (86) 
0 


where 


1 


Py2(e,)G(e4, Cy’) -{ xx (C1; i's x)dx, (87) 
1 
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and 


iat ie f fa! (ca) kasdkdes, (88) 
GR 


where @& is defined as in Eq. (38). By Eqs. (82), (35), and 
(36), and the fact that /2\(c2)dez is the same as our 
Nof2(c2)dc2, we see that Eq. (86) is the same as Eq. (29). 

The procedure of approximation used by Chapman 
and Cowling differs from the simple procedure used here 
in two main respects. First, orthogonal polynomials are 
used as a basis for expressing the trial solutions ; second, 
comparison of direct and inverse collisions, and also a 
number of theorems on determinants, are used to put 
the calculations into an especially symmetrical form. 
As for the second of these differences, it is purely a 
matter of mathematical taste and can have no effect 
on the results; though esthetically interesting, the more 
elaborate procedure certainly involves increased com- 
plication and labor in working out the few calculations 
that it is, practically, worthwhile to perform. As for 
the orthogonal polynomials, they play a useful role in 
the standard treatment because of the necessity of 
satisfying auxiliary conditions that appear in Enskog’s 
method of integration. In our present treatment, no 
such auxiliary conditions appear. The orthogonal poly- 
nomials contain just the same powers of c; that we have 
used here, and the set of linear equations that has to be 
solved in any approximation is, thus, linearly equivalent 
to the set used in the simpler method we have described, 
so that the resulting value of [ Dj. ], must always be 
the same. 

The random-flight method is limited not only to the 
case of limiting concentration, <2, but also to 
providing the same results as are given by the various 
approximations of Enskog’s method within the frame- 
work of the so-called ‘second approximation to the 
distribution function.”’ Unlike the Enskog treatment, 
the random-flight method provides no provision for 
extension to cases of large gradients, rapid fluctuations, 
and other extreme conditions that require the use of 
terms beyond the first two in the expansion f=/ 


+fO4..-, 


APPENDIX: PROOF OF THE GAUSSIAN 
DISTRIBUTION 


Although it is well known that the distribution resulting from 
uncorrelated random flights is gaussian, we have not been able to 
find in the literature a proof for the case in which successive flights 
are correlated. Accordingly, we give a proof here. It is postulated 
that the correlation persists only for a finite number of flights 
and that the total number of flights is extremely large. If, indeed, 
the correlation were to persist throughout, or fora sizable fraction 
of the total number of flights, the distribution would not, in gen- 
eral, be gaussian. 

For convenience, we deal with a rectangular component of the 
displacement; since the conditions of the problem are isotropic, 
the three-dimensional gaussian form of the distribution of dis- 
placements is at once inferred from the fact that the distribution 
of a single component is gaussian. Then we write 


Z=2Z Zi, (89) 
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where the sum has WN terms, with NV an extremely large number. 
Now we consider the average values of powers of Z; there is no 
need to consider the averaging process in two steps, and, hence- 
forth, we shall use the single sign ( ) for the average. Because the 
problem is isotropic, (Z?"*!) vanishes, and we have only to calcu- 
late the even moments (Z2"). The gaussian distribution is charac- 
terized by the vanishing of (Z?"*') and by certain numerical 
values of the ratios (Z?")(Z?)—. 
We have 


(Z2”) = Dis- + +ian(ZisZig- + +-Zien), (90) 


where the indices i; run independently through the values 
1,2, ---,N. We suppose that there is no correlation between 
flights i and 7’ when |i—i’| exceeds a certain number m: 


(Z:Z:)=0 for |i—i'|>m. (91) 


Then any one of the average values of products that are summed in 
Eq. (90) breaks up into a product of separate averages (ZipZi,:--), 
where none of the numbers 7,, 7,, -- + differs from a]] the others by 
more than m. If the resulting term in Eq. (90) is not to vanish, 
each of these separate products Zi,Zi,--- must have an even 
number of factors. Since N is extremely large, after the internal 
structures of all these separate averages have been fixed (by fixing 
values of all differences i,—i, within each set of numbers Zp, iy, 
+++), we can obtain a great many identical terms in the sum (90) 
by displacing these sets of numbers rigidly relative to each other 
within the extremely long sequence of values 1, 2, ---, NV. If the 
number of these sets with fixed internal structures is /, the number 
of terms obtained by such displacements is of order of magnitude 
N'. Then, because of the extreme largeness of V, the contributions 
from all other ways of partitioning 2m into even parts can be neg- 
lected in comparison with the contributions from the partitioning 
into parts, 2+2+2+---=2n. 

We, accordingly, consider only those terms in Eq. (90) that 
break up into factors (Zi,Zi,). Let n% be the number of such factors 
in which |i,—i,| =k. Then nmo+m+-+-mm=n. Because all the 
indices 7), 72, --- in Eq. (90) are summed independently, we have 
to allow for the various ways they can all be assigned roles in this 
structure. The indices 7), 72, +++, 72. can be permuted in (2n)! 
ways. In mp factors, however, ip=7,, and these two roles in the 
structure are therefore indistinguishable. Thus, we count 2~”0(2n) ! 
ways of assigning roles to the indices in Eq. (90), acting, at pres- 
ent, on the fictitious assumption that the m factors are all dis- 
tinguishable. 

There are at least N—m ways to choose a value for the smaller 
index of the first factor from the list of ‘values 1, 2, ---, NM. In 
choosing a value for the smaller index of the next factor, we need 
to exclude at most 2(2m+-1) ways in order to avoid correlation 
between the two factors; thus, this choice can be made in at least 
N—m-—2(2m+1) ways. The whole number of ways for assigning 
all values of the smaller indices—whereupon the values of the 
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larger ones are fixed by the preassigned structure—is then at least 


[N—m][N—m—2(2m+1) ][N—m—4(2m+1)] 
---[N—m—2(n—1)(2m+1)]. (92) 


It is essential to our argument that this number is practically 
equal to N”. The ratio of these two numbers is,!* for large N, 


[N/(2(2m+1))]"P(LN/(2(2m+1)) ]—n)/T(N/(2(2m+1))) 
+0(nm/N) =1—(n?(2m+1)/N) 
+0(nm/N)+0(n4m?/N?2). (93) 


Thus, the condition for the validity of our argument is 
N>n?(2m+1), (94) 


and, with this stipulation, we replace the number of Eq. (92) by N". 

As the last step in evaluating the number of identical terms 
corresponding to a given partition mo++--:+nm=n, we must 
divide by mo!m,!---nm!, to take account of the fact that the n 
factors (Zi,Zi,) may not in fact all be distinguishable. The value 
of every term with the given structure is (Z;?)"(Z,Z,)"1--- 
(Z:Zm41)"™, and there are (2m) !N"/(2"n9!n,!---mm!) such equal 
terms. Then, all told, 


(Z2”) = (2n) !N"L(ng) {2”no !ny!- + +m !} 
XK (Z7)"0(Z1Z2)"* + *(ZiZmar)™™, (95) 


where the sum is over all values of mo, 11, +++, Mm that satisfy 


rn.=n. (96) 
Now from 


(Z?) = N((Z12)+2(2Z:Z2) +2(Z:Z3) +++ +2(ZiZmsi1)) (97) 
we have, by the multinomial theorem, 


(Z2)" = 2" IN" Dmx) {2M !t1! + + + Mm 1} 
XK (Z32)"(Z,Z2)"1- . *(Z:\Zm41)"™ (98) 


again subject to Eq. (96). It follows that 
(Z2")(Z2)—" = (2n) !/[2"n!]. (99) 


This result holds for all values of m, including m=0, the case of 
no correlation, which has long been known to give a gaussian 
distribution. These ratios of moments being characteristic of the 
gaussian distribution, Eq. (99) contains the proof that the dis- 
tribution is gaussian also when there is correlation, subject to the 
requirement of Eq. (94). 

For any fixed V, Eq. (94) puts a limit on the values of m for 
which Eq. (99) holds. This is true even in the case of no correla- 
tion, m=0. It is, indeed, only for N—~ that the distribution 
becomes precisely gaussian. For finite though large WN, the very 
high moments fail to have the values indicated by Eq. (99). This 
means simply that the remote wings of the distribution function 
are not precisely gaussian in shape. 


13 This quantity is most readily calculated by using the general- 
ized asymptotic formula for logI'(z+a); see E. T. Whittaker and 
G. N. Watson, Modern Analysis (Cambridge University Press, 
1927), fourth edition, p. 278. 
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Hyperfine structure due to the electric quadrupole moments of nuclei is calculated for a special molecule 
of XYZ; type, where nucleus Z has a spin larger than 1/2, and nuclei X and Y have no electric quadrupole 
moments. The number of the hyperfine structural lines is calculated group-theoretically for the cases where 
T,=1, 3/2, 2, 5/2, 7; being the spin of nucleus Z. The theoretical spectra of the J=0—1 transition are given 


for these cases. 





I. INTRODUCTION 


T is well known that the rotational spectra of mole- 

cules often have hyperfine structure due to the 
electric quadrupole moments of nuclei.! But, in mole- 
cules such as BrCH3, CICHs3, etc., we have to con- 
sider only the hyperfine structure due to one nucleus, 
since the nuclei with spin 0 or } have no quadrupole 
moments. In these cases, the energy owing to the 
nuclear quadrupole moment (Q is calculated to be! 








_ PV, 3K en 
azz l(J+1) J 27(27—1) (27 —1)(2F +3)’ 
where 
c=F(F+1)—IU+1)-—J(J+1), F=I-+J, 


I+J-1, +=, 


and V is the electric potential at the nucleus which has 
moment Q due to the whole charges in the molecule, 
except that of the nucleus under consideration; z is the 
direction of the molecular axis; and J, K, F are the 
usual rotational quantum numbers. 

Equation (1) has been applied to many molecules, 
and the coupling constants eQd?V/dz? are obtained for 
them.! 

If there are more than two nuclei which have non- 
zero quadrupole moments, our problem becomes rather 
complicated. Bardeen and Townes’ calculated the 
energy for the case where two nuclei have quadrupole 
moments, and Feld* treated the same problem in which 
the two moments are equal. In the case of three identical 
nuclei, Bersohn*:* calculated the matrix elements of the 
hamiltonian using Racah’s method,® while on the ex- 
perimental side, Kojima, Tsukada, and Hagiwara’ are 
measuring the hyperfine structure of HCBr; in the 
J=0—1 rotational spectrum. 

In this paper, a calculation is made on the same prob- 
lem as Bersohn’s. When we apply the results of this 


|I-J|, 


'W. Gordy, Revs. Modern Phys. 20, 668 (1948). 

? J. Bardeen and C. H. Townes, Phys. Rev. 73, 97 (1948). 
*B. T. Feld, Phys. Rev. 72, 1116 (1947). 

*R. Bersohn, thesis, Harvard University (1949). 

°R. Bersohn, J. Chem. Phys. 18, 1124 (1950). 

°G. Racah, Phys. Rev. 62, 438 (1942). 

‘Kojima, Tsukada, and Hagiwara (private communication). 
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paper to experiments, information may be obtained 
on the spin and electric quadrupole moment of nu- 
cleus, the character of chemical bond, and the inversion 
doubling. 


II. GROUP-THEORETICAL CONSIDERATION 


A molecule of the XYZ; type is a symmetric top 
rotator, so that its rotational energy is expressed as 
E=BJ(J+1)+CK?, where J, K are the rotational 
quantum number, and B, C are the constants deter- 
mined by the moments of inertia of that molecule. 
When inverted at the origin, our molecule is transformed 
to one which is not identical to the original one; thus, 
each level splits into two, the so-called inversion doub- 
ling.’ One of them is symmetric, and the other is anti- 
symmetric for the inversion, and they are designated 
as + and —, respectively. 

The wave function of our molecule may be factorized 
into electronic, rotational, vibrational, and nuclear 
spin parts. We assume that the electronic state of our 
molecule is 2; then it is not involved in the following 
discussion. The vibrational part has the above stated 
symmetry character for inversion. 

Let us consider the symmetry character of the wave 
function for exchange between three identical nuclei Z. 
In this case, the permutation group to be considered is 
Ss, which has three kinds of representation, Ai, A2, and 
E. A, is the identical representation, A» is the alter- 
nating one, and E is the two-dimension alone. The 
symmetry character of the rotational wave function is 


TaBLe I. Symmetry of spin functions. 
(1,: individual spin, 7: total spin.) 











=1 I1=3/2 I, =2 . 11 =5/2 
I I I I 
3. Ay 9/2 A, 6 A, 15/2 A, 
2 E 7/2 E 5 E 13/2 E 
1A:+E£ 5/2 AitE 4 A,+E 11/2 Ai+tE£E 
QO Ae 3/2Ai+tAotE 34Ai+A2t+E 9/2 AytAotE 
1/2 E 2 Ai+2E 7/2 Ai+2E 
1 As+E 5/2 Ait+A2t2E 
0 A, 3/2 Ay+AotE 
1/2 E 








8G. Herzberg, Infra-red and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945). 
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Fic. 1. Energy levels for spin values 1. Figures written on the 
right side of each level and along each vertical] line are the numbers 
of states and hfs lines, respectively. 


already known:® If K=O, it belongs to the A; or A» 
representation, according to whether J is even or odd, 
respectively. If | K | =3m (m is an integer), two nearly 
degenerate levels belong to A; and Ag, and if | K| #3m, 
they belong to £ representation. In the vibrational 
ground state the vibrational wave function belongs to 
the A; or Ag representation according to whether it is 
a + or — state. 


TABLE II. Symmetry of spin functions for each 
rotational state (7;=1). 











J=0 J=1 J=2 J>3 
F I F 
{see Table I) 
4 A, 5 Aj J+3 Ay 
3 AitE 4 A:itE Ja2 AitE 
2 2A4,:4+2E 3 24:4+2E J241 2A,;4+2E 
1A,;+A2o+2E 224;+A0+2E J 2A:+A24+2E 
0 A,i+E 1 2A,+2E 
0 E 








*D. M. Dennison, Revs. Modern Phys. 3, 280 (1931). 
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The symmetry character of the whole wave function 
is determined by Pauli’s principle; thus, if the spin of 
nucleus Z is an integer or half-integer, it must belong to 
A, or A: representation, respectively. By this rule, the 
nuclear spin wave function which can combine with 
each rotational vibrational state is restricted in the 
symmetry character. For example, with J=0, K=0, 
+ state of the molecule which has integer nuclear spin, 
only those nuclear spin states which belong to A, 
representation can combine. 

The number of spin functions with given symmetry 
character, which occur in the three identical spin sys- 
tems, can be calculated group-theoretically ; the results 
are shown in Table I. 

In calculating the number of spectral lines, selection 
rules must be taken into account, which are, as is well 
known, AJ=1, AK=0, AF=0, +1, +o-—, +4, 


—<49 — - 
Example. I,=1. 


The number of possible states which have the given 
symmetry in spin parts is shown in Table II, for each 
rotational state. The number of states which belong to 
each rotational vibrational state can be calculated from 
this table, the results of which are shown in Fig. 1. 
In this figure, the number of hyperfine structural lines 
for each rotational transition, which is calculated using 
the above selection rules, is also shown. There remains 
the possibility that some of these lines degenerate 
accidentally. The fact that in J=O state all nuclear 
spin states degenerate to one level is taken into account 
in the calculation. 

The figures and tables for other cases are also shown. 


TABLE III. The numbers of hyperfine structural lines 











for J>3/,. 
K =3m—3m 
J: even J: odd 
v® rt st oF 2 Ih A B total 
A 
Kt {+A 1 A 1 A (A D\ AA 1 A 2 A 1(A2) 1 41 1 84 
bays A\(A2)/ \NA2 A2 Ao A) 3/2 9 133 284 
B 
A 
x-\t 4 A2A;(A2)\ AA Aj A2(A}) 2 339 42 762 
—Az Ao Axl(A1)/ \A2 A1 Ai(A2) 5/2 i33 %32 1150 
B 
In K=0—0, just half of these lines appear. 
K =3m+1-3m+1 nh c total 
Cc 
+A,EE \J7 AEE 1 34 68 
-A,EE “YN A2E E 3/2 162 324 
¢ 2 522 1044 
Sf2 1337 2674 








ay: vibrational. 
br: rotational. 
© $: spin part. 


Ill. ENERGY OF THE NUCLEAR SPIN STATES 


The hamiltonian which describes the interaction be- 
tween the nuclear quadrupole moment of nuclei Z and 
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1,=3/2 
IK Vv YY Ff §$ 
- Ao Aj Ay 14+ 
2 0O 4 
+ Aj A 
1 Ae 60] 18 
- AZE E 16 
2 #1 16 
+ Aj E E 
= Ao i; E 16 
2 #2 16 
+ Aj E E 
- A2 Ap Az 3 
1 O . 
+ Al Ao A 
2 “FT 11 y04] 1104 
- AoE E 11 
1 +1 - 
+ AJ E E 
3} 19 
_ Ap A Aj 
0.60 . 
i Ay Ay Ap ~ 


_ Fic. 2. Energy levels for spin values 3/2. Figures written on the 
right side of each level and along each vertical line are the numbers 
of states and hfs lines, respectively. 


the other part of the molecule can be written as 


= pe 
2I(2F—1)I,(21;—1) = 





eQ(8?V /dZ")z 3 


X(3(1;-J)?+3(1:-J)—1?-F], (2) 


where ( ); means a quantum-mechanical average for 
the state M;=J, Z is the axis fixed in space, and the 
factor eQ(d?V/dZ?);, being common to the three nuclei, 
is written before 2. 

Since the total angular momentum is conserved, each 
eigenfunction must be a representation of the rotational 
group F; and since our hamiltonian (2) is symmetrical 
for three nuclei, each eigenfunction must also be a 
representation of the permutation group ©;. Therefore, 
it is convenient to construct the basic functions which 
have these symmetry properties. 

Bersohn’s method starts from the hamiltonian 
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Fic. 3. Energy levels for spin values 2. Figures written on the 
right side of each level and along each vertical line are the numbers 
of states and hfs lines, respectively. 


written as 


€;e; 

H=>° —+?P;2 (cos6;;), (3) 
and using Racah’s method, obtains the matrix elements 
in an explicit form for an arbitrary 7; and J‘. Bersohn 
has calculated their coefficients numerically for /;=1 
and 3/2. In our calculation, his method was also 
adopted. 


IV. HYPERFINE STRUCTURE IN THE ROTATIONAL 
SPECTRUM J=0—1 

As we see in Figs. 1 to 4, the hyperfine structures for 
the rotational spectra other than J=0Q—1 are too 
complicated to be well analyzed; thus, from the prac- 
tical view point, it seems sufficient if we calculate them 
for J=0—1 and /,=1, 3/2, 2, 5/2. 

In the J=0 rotational state, all nuclear spin states 
degenerate to one level, as we can see easily, so that 
only the calculation for the /=1, K=O state is needed 
for our purpose. 

The intensity of each line is easily proved to be pro- 
portional to 2F+1, where F is the quantum number of 
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Fic. 4. Energy levels for spin values 5/2. Figures written on the 
right side of each level and along each vertical line are the numbers 
of states and hfs lines, respectively. 


the total angular momentum of each upper state. Thus 
we obtain the theoretical spectra as shown in Fig. 5. 
Each pattern is composed of two parts, one of which 
corresponds to +— — and the other to ——-+ transi- 
tion. If the splitting due to the inversion doubling is 
appreciable, these two parts move horizontally to 
each other. 
V. REDUCTION OF (#V/02Z"), 

The physical meaning of the factor (d°V/dZ"), is not 
clear unless we express it by some quantities fixed in 
the molecule. 

We take z axis for the molecular axis, and a-axis for 
the direction of bond between a Z and Y nuclei, as 
shown in Fig. 6. If 6; is the angle between Z axis and 
r;, where r; is the vector which combines the k charge 
with nucleus Z, 


V/dZ?=>— (ex/r;*)(3 cos?6;,—1), (4) 
k 


then, by the addition theorem 


(PV /dZ*);=((3 cos?@—1)/2)7 >> (ex/ri*)(3 cos?6,’—1), 
, (5) 
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Fic. 5. Theoretical spectra for J =0—1. In each case, the upper 
pattern corresponds to A, and the lower to A2 representation ; thus, 
they correspond to +—— and ——-4, one to one. The unit of 
figures written under each line is eQ(d?V /0Z?)7.1. 


where @ is the angle between Z and the z axis, and 0,’ is 
the angle between r, and the z axis. In this formula, 
other terms vanish by the averaging process. Again, 
using the addition theorem, we obtain 


(PV /dZ*);=((3 cos’@—1)/2)7((3 cos’6’— 1) /2) 
X>d (ex/rx3)(3 cos?6,’’—1), (6) 


where 6’ is the angle between z and the a axis, and 6,” 
is the angle between r, and the a axis. In deriving this 
formula, it is assumed that the effective charge distri- 
bution is approximately cylindrical around the a axis.* 
Since 
(3 cos*8— 1), =[2{3K°>—J(J+1)} /L(2I+3)J+1) J, 
(7) 
we obtain, under the above assumption, 
(PV /82)7=[3K?—-JJ+1) V/L2I+3)J+1) J 
X ((3.cos?6’—1)/2)(@V/da?). (8) 
* Bersohn has pointed out that if the quadrupole interaction 


off-diagonal in J contributes much, one can test this assumption. 
(R. Bersohn, private communication.) 
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Fic. 5. See caption under parts (a) and (b). 


If the contribution from the electrons which belong to 
the Z atom to the quantity é°V/da? is much larger than 
that from the other atoms, as Townes and Dailey’® 
pointed out, we may assume that it is common to a 
series of molecules; for example, CHCl;, CH2Cl, 
CH;Cl, CFCl;, etc., for Cl nucleus. Thus, comparing 
this quantity over these molecules, we may be able to 
say something about the character of the chemical 
bond (C—Cl bond in the above example). 

The authors wish to thank Professor Kotani and 
Kojima for suggesting this problem. They also thank 





(19455 H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 








Fic. 6. Geometry of molecule. 











744 ,. 


Dr. Bersohn for sending us his unpublished work on the 
same subject. 


APPENDIX 


The method of constructing a rotational wave function from 
two rotational wave functions is well known. Thus, we combine 
I, and I; to 1, and then combine I; and 1 to I, and complete the 
spin functions by symmetrizing them. In the following, the coeffi- 
cients in the last process are shown for J;=2 and 5/2. The coeffi- 
cients for J;=1 and 3/2 are shown in Bersohn’s paper.® 


I\=2: <A,6|=<46|, 
<A, 4| =(11/21)?<2 4|+(10/21)'<44], 
<A, 3|=(5/7)!<2 3| —(2/7)*<4 3], 
<A, 2| =(7/15)*<0 2] +2/(21)#<2 2| +2(3/35)#<42], 
<A,0|=<20], 
<A23|=(1/5)§<1 3] —2/(5)!<3 3], 
<Ao1|=(8/15)#<1 1|+(7/15)#<3 1]. 
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WHITMAN 


I1=5/2: <Ay 15/2| = <5 15/2, 
<A; 11/2| =(14/27)8<3 11/2|+(13/27)#<5 11/2], 


<A; 9/2| =(13/16)#<3 9/2| —(5/18)#<5 9/2|, 

<A, 7/2| =(3/7)8<1 7/2|+v2/3<3 7/2| +1/3(22/7)! 
<5 7/2, 

<A; 5/2|=2(11/70)#<1 5/2|+1/3(11/30)#<3 5/2| 
—5/3(5/42)#<5 5/2|, 

<A; 3/2|=(1/5)#<13/2|—2/(5)#<3 3/2], 

<A_ 9/2| =(3/14)#<29/2|—(11/14)#<4 9/2], 

<A_ 5/2| =v2/3<0 5/2|—1/3(5/2)!<2 5/2| 


—1/v2<45/2|, 
<Az 3/2|=(5/7)!<2 3/2| —(2/7)3<4 3/2|. 


In the right side of each equation, <:J| means the spin func- 
tion with given « and J. Their phases are so chosen as to be able 
to apply Bersohn’s formulas.‘ On the left side, the symmetry of 
the resultant functions are shown. Those functions which belong 
to E representation are not shown because they are not needed in 
the present calculation. 
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The vapor pressure of zinc has been measured using Knudsen’s effusion method. The temperature-vapor 
pressure relation was found to be logioPmm=(— 6688/7) +8.888 in the range 300°-360°C. These results are 
about 20 percent higher than those previously reported. It is suggested that this difference may be attributed 
principally to the omission of a probability factor by earlier workers. 


HE determination of vapor pressures of 10-* mm 
or less is conveniently accomplished by the use 
of Knudsen’s effusion method. The temperature range 
over which this method is useful is limited at the lower 
end by the rapid decrease of the effusion rate. An inter- 
esting possibility exists, however, of extending the 
temperature range downward, since the use of radio- 
isotopes allows the measurement of extremely small 
effusion rates. With this in mind and with the aim of 
checking an experimental procedure which would be 
applicable to the use of radio-isotopes, a redetermina- 
tion of the vapor pressure of stable zinc was undertaken. 
During the course of these experiments, reports were 
published on the vapor pressure of plutonium salts as 
determined by a somewhat similar procedure! and on 
the vapor pressure of silver.” 
Knudsen’s formula for the vapor pressure may be 


written 
p= (u/WAt)(2RT/M)}, (1) 


where yp is the mass effusing through the orifice of area 
A in time ¢, T is the absolute temperature, M is the 


* Preliminary experiments were conducted at Yale University 
and were reported in a thesis submitted in partial fulfillment of 
the requirements for the Ph.D. degree. 
as re Sears, Seifert, and Simpson, J. Chem. Phys. 18, 713 

2H. M. Schadel and C. E. Birchenall, J. Metals 188, Trans. 
1134 (1950). 





molecular weight of the effusing vapor, and W is the 
probability that a molecule entering the orifice will 
continue on through and out the other side. Clausing’ 
has calculated theoretical values of W for cylindrical 
tubes for various values of the ratio of orifice thickness 
to radius, L/r. The only assumption involved in his 
calculation, aside from the general principles of kinetic 
theory, was that the molecules are diffusely reflected 
from the walls of the tube. There is no direct experi- 
mental verification of the calculated values for the 
case studied here, but from available discussions,‘’ 
the assumption should be valid under the conditions 
of the present experiments. 

The factor, W, which sometimes has been tacitly 
assumed to be unity, should be considered in all cases, 
since even with extremely thin orifices, W may be 
significantly less than 1. For example, in the case of a 
0.1-cm diameter cylindrical orifice in a plate only 
0.005 cm (0.002 in.) thick, W is 0.95. 

In these experiments, the effusion rate was measured 


3 P. Clausing, Ann. Physik 12, 961 (1932). 

4R. G. J. Fraser, Molecular Rays (Cambridge University Press, 
London, 1931), Chapter ITI. 

5 E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1938), pp. 302 ff. 

6L. B. Loeb, Kinetic Fheory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1934), pp. 323 ff. 

7R. Speiser and H. L. Johnston, Trans. Am. Soc. Metals 42, 
283 (1950). 
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by condensing the effusing zinc on a cold surface and 
determining the amount by quantitative chemical 
analysis. 


APPARATUS 


The effusion furnace (see Fig. 1) was a cylindrical 
piece of Duralumin, 23% in. in diameter, bored centrally 
to make a }@-in. diameter effusion chamber C. With the 
base plug P inserted, the depth of the effusion chamber 
was approximately 1 in. The heater H consisted of ap- 
proximately 100 ohms of No. 30 Nichrome wire wound 
helically along the cylindrical portion of the outside of 
the furnace on a base of Sauer-Eisen Insalute cement. 
The heater wire was held in place with a second layer 
of cement. The furnace was mounted on a circular ring 
supported on three glass legs, all within a modified 
5-liter flask (see Fig. 2). 

Two No. 30 wire copper-constantan thermocouples 
were mounted in holes A and B drilled in the furnace 
wall to within ;’g in. of the inside chamber. One was 
placed near the top of the effusion chamber, the other 
at an angle of 90° from A around the cylinder wall and 
at the base of the chamber (not shown as such in figure). 
Aluminum foil, wrapped around the furnace exterior 
to the heater winding, served as a radiation shield. 
Additional shielding was obtained with a cylindrical 
tube of thin aluminum sheeting which surrounded the 
furnace and mounting. 

All electrical connections including thermocouples 
were introduced to the apparatus through capillary 
tubes sealed with Apiezon Wax “‘W.” The thermal emf 
measurements were made with a Leeds and Northrup 
Type K-2 potentiometer. The thermocouples were 
calibrated to within +0.05°C against a calibrated 
platinum resistance thermometer in a Leeds and 
Northrup thermocouple checking furnace. 

Heating power was obtained from a constant voltage 
transformer. Variation of the heat input was accom- 
plished by varying an external resistance in series with 
the furnace winding. The vacuum system consisted 
of a two-stage Miller design oil diffusion pump backed 
by a Cenco Hyvac roughing pump. A McLeod gauge 
completed the vacuum system. 

The upper end of the furnace containing the effusion 
hole was carefully machined to a uniform thickness of 
0.010 in. Care was taken to insure that the shape of the 
aperture would closely approximate the short cylin- 
drical tube required for accurate calculation of the 
probability, W. The diameter of the orifice was meas- 
ured as 0.1175-£0.0005 cm at 25° on a Gaertner travel- 
ing microscope. This value checked well with a microm- 
eter measurement of the drill used to bore the hole. 

The quartz surface on which the effusing metal was 
collected was cooled with liquid nitrogen and extended 
to within } in. of the top of the furnace. Geometrical 
considerations indicate that a maximum of 6 percent 
of the effusing molecules would not strike the cold 
collector directly upon issuing from the orifice. It is 
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dynamics (Cambridge University Press, London, 1949), p. 435. 
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Fic. 1. Sketch of furnace: 


believed that these molecules did not escape collection, 
since during an experiment an extremely thin film of 
zinc appeared on the upper portion of the collector, 
presumably from the condensation of these molecules 
after reflection from the enclosing glass bulb. At no 
time in these measurements did a zinc film form any- 
where except on the collector. These observations are 
in accord with the accepted ideas concerning the con- 
densation of a vapor on a solid surface.*:* 

The effusion chamber was completely filled with 
several grams of loosely packed helical coils of zinc 
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Fic. 2. Sketch of apparatus. 


§R. H. Fowler and E. A. Guggenheim, Statistical Thermo- 
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TABLE I. 
Wt. Corr. Corr. Wt. Effusion Dmm X10 
Av. temp. effused to Wt. effu time, ¢ Dmm X108 (calc.) 
Expt. (°K) (mg-Zn) (mg-Zn) (mg-Zn) (min) (obs.) Eq. (4) Ap% 
7 577.4 5.33 0.00* 5.33 257.0 1.94 2.01 —3.5 
10 585.6 6.84 0.00* 6.84 233.0 2.77 2.93 —5.4 
11 594.2 11.31 0.00 11.31 251.0 4.28 4.28 0.0 
1 601.0 15.36 0.54> 14.82 215.5 6.58 5.74 +14.8 
4 601.8 14.37 0.04¢ 14.33 227.0 6.04 5.94 +1.7 
12 609.3 18.69 0.154 18.54 214.0 8.34 8.14 +2.5 
16 617.9 19.93 1.26°¢ 18.67 155.0 11.7 11.6 —0.9 
13 618.9 26.58 0.19! 26.39 203.0 12.6 12.1 +4.1 
8 630.3 25.20 0.18¢ 25.02 130.0 18.8 18.9 —0.5 








* Here the correction would be less than 0.04 mg and therefore negligible. 


b Determined in Expts. 2 and 3. Check in Expt. 14 which gave 0.50 mg. 
© Determined in Expt. 5. 
4 Determined in Expt. 17. 


¢ Determined in Expt. 15. The ‘‘heating period” was deliberately prolonged as a check on the procedure. 


{ Determined in Expt. 18. 
« Determined in Expt. 9. 


99.998 percent pure; on the average, there was about 
0.3 g of zinc per cc. The packing was such that a large 
zinc area was available for vaporization, and the gas 
space near the orifice was freely connected with the 
whole oven volume so that the maintenance of a satu- 
rated vapor was assured. The effect of the amount and 
distribution of material on the effusion rate has been 
studied by one of us (C.I.W.) and will be the subject 
of a forthcoming contribution. 


PROCEDURE 


The apparatus, with the exception of the base plug 
and the zinc charge, was outgassed at 360°C. The zinc 
turnings were then introduced into the chamber and 
the plug screwed in tightly. Once heated, it was not 
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Fic. 3. Plot of vapor pressure against 1/7. 


760 


possible to remove the plug, and hence, the same zinc 
charge was used in all the experiments. 

An experimental run was made as follows. The sys- 
tem was evacuated and the furnace brought up to a 
temperature of about 250°C (where the vapor pressure 
of zinc is approximately 1.3 10~ mm and is, therefore, 
hardly measurable in this apparatus), liquid nitrogen 
was introduced into the cold finger, and then the cur- 
rent in the heater was increased sufficiently to bring 
the furnace to the desired temperature within a “‘heat- 
ing period” of about five to ten minutes. With practice, 
it was possible to bring the furnace to a steady tempera- 
ture (+0.1°C) with little overshoot and oscillation. The 
measurement of the effusion time, ¢, was begun at the 
moment the experimental temperature was reached. 
The pressure in the flask surrounding the oven was 
reached. The pressure in the flask surrounding the oven 
was 10-> mm or less in the course of a run. After collect- 
ing the zinc for periods varying from two to four hours, 
the experiment was concluded by admitting tank 
nitrogen to the system. The cold finger was quickly 
removed and the zinc dissolved off with hydrochloric 
acid. The solution obtained was analyzed for zinc with 
anthranilic acid, using the method described by Funk 
and Ditt.® 

The fact that some zinc effused during the “heating 
period” required that the total amount of zinc collected 
be adjusted in order to determine the amount effusing 
during the time ¢ in formula (1). Fortunately, this 
amount was small and reproducible; it was determined 
in separate, auxiliary experiments which duplicated the 
temperature—time heating curve of each original ex- 
periment. These corrections are shown in column 4 
of Table I. 

The temperature distribution in the furnace was in- 
vestigated before any vapor pressure measurements 
were performed and was found to be very sensitive to 
the location and quantity of radiation shielding placed 
directly over the heater winding. In the final arrange 


*H. Funk and M. Ditt, Z. anal. Chem. 91, 332 (1933). 
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ment, used in all experiments, nearly all of the winding 
was covered with a shield, and the temperatures at A 
and B then differed by no more than one degree. Dur- 
ing an experiment, the temperature at each thermo- 
couple remained constant to within +0.1°C, except for 
the short initial period of oscillation. Whether the top 
was hotter or colder than the bottom did not produce 
any observable effect in the results. The average tem- 
perature of the two couples was taken as the tempera- 
ture of the experiment. 

At the conclusion of all experiments, the furnace was 
cut open. The zinc was found to have retained its bright 
surface, indicating a minimum of surface contamina- 
tion. Examination of the effusion orifice under a micro- 
scope disclosed that a minute amount of zinc had crys- 
tallized within the orifice. The quantity was not sufficient 
to alter the results significantly. No zinc had condensed 
on the upper surface within the chamber. This indicated 
that the top surface of the furnace, which was polished 
to act as a radiation shield, was not appreciably cooler 
than the furnace temperature. 

The results of the experiments, calculated from Eq. 
(1), are given in Table I and are shown graphically in 
Fig. 3. The value of M was taken as 65.38, since there is 
no evidence to indicate that zinc vapor is other than 
monatomic.!© The vapor pressure line was calculated, 
as described later, omitting experiment 1 which was 
significantly higher, probably because the base plug 
and zinc charge had not been outgassed previous to 
that experiment. 


ERRORS 


The area of the orifice, corrected for expansion from 
the room temperature to an average temperature of 
325°C, was 0.0110+0.0001 cm’. This uncertainty in 
the orifice area introduced a uniform 1 percent error in 
p, which acted to displace the line as a whole, rather 
than to introduce scatter into the individual values. 
The error in ¢ was 0.2 percent and was therefore neg- 
ligible. The error in L/r was determined as 1.5 percent. 
The resulting error in W was only 0.2 percent and was 
also negligible. 

The analytical method employed for the determina- 
tion of the zinc was checked against known samples 
of zinc and found to be entirely adequate. A generous 
estimate of the error in » was 1 percent which intro- 
duced a corresponding 1 percent error in p. 

The effect of an error in the temperature measure- 
ment on the pressure was estimated from the Clausius- 
Clapeyron equation, 


d Inp/dT = —AH/RT®. (2) 


The errors in calibration and variation in T in the 
course of an experiment were negligible (-0.1°C) com- 
pared to the 1°C difference in the top and bottom 





°F. F. Coleman and A. C. Egerton, Trans. Roy. Soc. (London) 
A234, 177 (1935). | 
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TABLE II. Calculation of AH,". 

















Fo —Ho° Fo — Ho? AH, 
fis ( = ja, fe ( T = —Rinp kcal/mole 
577.4 36.766 8.72 25.594 30.97 
585.6 36.837 8.80 24.887 30.99 
594.2 36.909 8.87 24.020 30.93 
601.8 36.973 8.95 23.334 30.91 
609.3 37.034 9.02 22.694 30.89 
617.9 37.103 9.10 22.022 30.91 
618.9 37.111 9.11 21.874 30.87 
630.3 37.202 9.20 21.078 30.94 
Av. 30.93+0.06 








thermocouple readings. Since the average temperature 
was calculated for each experiment, the uncertainty in 
T was assumed to be no greater than +0.5°C. The 
corresponding uncertainty in p was, therefore, 2 per- 
cent. 

The total uncertainty in » was thus approximately 
+4 percent. With the exception of the first experiment, 
the agreement between observed and calculated values 
is within the experimental uncertainty. 


DISCUSSION 


AH,, the heat of vaporization at absolute zero, was 
calculated for each observed value of the pressure by 
means of the thermodynamic equation 


R Inp=[(F°— Ho°)/T ona 
—[(F°— Ho°)/T Jvapor— (AH)°/T), (3) 


where [(F°—H,°)/T }ona may be obtained from heat 
capacity data, and [(F°—H°)/T |vapor from statistical 
theory and the spectrum of the element. The use of this 
equation. has been discussed in detail by K. K. Kelley." 

The results of these calculations are summarized in 
Table II. The average value of AH,° was used with the 
equation AH=AH,°+ fo7AC,dT to calculate a slope, 
A, for a vapor pressure line of the form logioPmm 
=(—A/T)+B. Here T was taken as the midpoint 
temperature of the experimental range. Then B was 
calculated for each observed pressure and the average 
value used. The result is the equation, 


logioPmm= (— 6688/T)+8.888. (4) 


This equation represents the experimental results 
nearly as accurately as the mean square line and ap- 
pears to be preferable because it is slightly more con- 
sistent thermodynamically. 

The percentage variations between observed and 
calculated values, which are given in Table I, suggest 
that the observed values for the two lowest tempera- 
tures may be slightly low. This lower temperature 
region is currently being investigated with the use 
of Zn®, 

The vapor pressure of zinc has most recently been 


1K. K. Kelley, Bur. Mines Bull. 383, 1 (1935). 
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measured by Coleman and Egerton,’ hereinafter re- 
fered to as C and E. 

Although the slopes of the two lines are approxi- 
mately the same (see Fig. 3), the present results are 
uniformly about 20 percent higher in absolute value 
than the measurements of C and E. Differences of this 
sort in vapor pressure measurements are not uncom- 
mon in the literature and have been attributed chiefly 
to non-uniformity of temperature throughout the 
effusion chamber by Ditchbourn and Gilmour.” 

There are other possibilities which should be con- 
sidered, such as failure to correct for a finite orifice 
thickness, or failure to ensure saturation of the vapor 
in the effusion chamber. These particular errors, if 
present, lead to low results. In addition, the tempera- 
ture measurement itself can be a source of considerable 
error because of the strong dependence of the effusion 
rate on the temperature. In the case of thermocouple 
measurements, it is particularly important that the 
leads from the hot junction be shielded thermally 
against heat losses. It is believed that the difference 
between the vapor pressures reported here and those of 
C and E are due primarily to our application of the 
probability factor, W, which depends on the ratio, L/r, 
of orifice thickness to orifice radius. In the experimental 
arrangement employed, the value of W was 0.824, 
and it is the use of this factor which raises our values 
about 20 percent above those of C and E; in other 
words, if W is assumed to be unity, the values presently 
reported would agree with those of C and E within 
the calculated experimental error at all points in the 
range of the measurements. C and E did not consider 
the factor W directly, and they stated only that the 
orifice thickness should be ‘“‘very small” with respect 
to the diameter. Unfortunately, no figures are given by 
C and E which would make possible an estimate of W 
in their case, but from the discussion in their paper, 
it appears that the orifices used by them had a finite 
thickness and that, in all probability, their value of W 
was appreciably less than unity. If, by coincidence, 
their value of W was within 2 or 3 percent of our value, 
the difference between the vapor pressure values would 


~2R. W. Ditchbourn and J. C. Gilmour, Revs. Modern Phys. 
13, 310 (1941). 
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be explained. It should be re-emphasized that the values 
of W as calculated by Clausing* involve the assumption 
of diffuse reflection, as discussed previously. If the 
reflection were purely specular (which appears to be 
unlikely**), W would then have the maximum value 
of unity. 

The apparatus and experimental procedure used in 
the present paper and those employed by C and E 
have been examined carefully for possible systematic 
errors in temperature measurement which might ac- 
count for the difference in the observed vapor pressures. 
In the event that the actual temperature was higher 
than that recorded by the thermocouple, the vapor 
pressures would appear to be high, and vice versa. In 
the experimental setup reported here, two thermo- 
couples were placed at the top and bottom of the effu- 
sion chamber and were found to agree closely ; further, 
the temperature was probably uniform throughout 
the chamber because of its symmetrical design. To 
guard against conduction of heat away from the hot 
junctions by the thermocouple wires, the thermo- 
couples were embedded to a depth of 3 in. (see Fig. 1), 
so that the leads passed through a region in which the 
temperature might increase but would not drop. In 
view of these arrangements, it is believed that the 
thermocouples very probably registered the true tem- 
perature or if not, that they indicated a temperature 
slightly higher than the true one, which might result 
in apparently low vapor pressures. The description 
afforded by C and E of their apparatus indicates that 
all reasonable precautions were observed to obtain an 
accurate temperature reading, although but one thermo- 
couple was used. 

The fact that two very different types of apparatus 
and procedures should give values of vapor pressures in 
this range differing by 20 percent perhaps is not un- 
expected or unusual; however, it seems likely that in- 
clusion of the probability factor W by C and E would 
have given results in closer agreement with the present 
ones. It is also believed that, in general, the probability 
factor must be taken into careful account whenever the 
effusion method is employed as a means of measuring 
vapor pressures. 
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Transference numbers have been determined by the moving boundary method for sodium chloride in 
anhydrous methanol at concentrations from 0.003 NW to 0.01 N, and for potassium chloride at concentrations 
from 0.005 NW to 0.02 N. Autogenic cells were used for cation boundaries and sheared cells (with paratoluene- 
sulfonate, di- and triiodobenzoate as indicator ions) for anion boundaries. The results are comparable in 
precision with those for aqueous solutions and satisfy all criteria for transference data. The Longsworth 
function is linear in the concentration up to 0.01 WN, thus making it possible for the first time to obtain pre- 
cise limiting transference numbers in an anhydrous solvent. 





T has been generally recognized for some time that 

development in the theory of electrolytes has been 
hampered by lack of transference numbers for non- 
aqueous solvents. While such data are generally avail- 
able for aqueous solutions (usually to a high degree of 
precision), they are almost entirely lacking for solvents 
other than water. Some years ago, Longsworth and 
MacInnes' reported transference numbers, measured 
in an autogenic moving boundary cell, for alkali 
halides in methanol-water mixtures, but they found it 
impossible to obtain boundaries with solvents richer 
in methanol than 80 mole percent. Measurements in 
this laboratory” in 50 mole percent solution suggested 
that the reason might be the relatively high electro- 
lyte concentration (0.05 N) which they employed, 
since even with the 50 percent solvent, autogenic 
boundaries became thick and difficult to follow at 
electrolyte concentrations above 0.08 N. We have 
therefore carried out measurements in anhydrous 
methanol in relatively dilute solution, using both auto- 
genic and sheared cells, and have thus obtained trans- 
ference data for both anion and cation. We believe the 
results suggest that moving boundary measurements 


may be generally possible in nonaqueous solvents, pro- - 


vided sufficiently low electrolyte concentrations are 
employed, and provided suitable indicator ions can be 
found which will give boundaries that can be identified 
by appropriate optical methods. If this be the case, 
the moving boundary technique provides an alternative 
to the centrifugal force method, recently developed by 
MacInnes and Ray,’ or the emf method used by Harned 
and Dreby‘ with dioxane-water mixtures. The conduc- 
tance measurements reported in the accompanying 
paper® were carried out to supplement this research 
and yield, in conjunction with it, the first limiting ion 





1L. G. Longsworth and D. A. MacInnes, J. Phys. Chem. 43, 
239 (1939). 

*Shemilt, Davies, and Gordon, J. Chem. Phys. 16, 340 (1948). 

*B. R. Ray and D. A. MacInnes, Rev. Sci. Instr. 20, 52 (1949) ; 
(to) MacInnes and B. R. Ray, J. Am. Chem. Soc. 71, 2987 
nes & Harned and E. C. Dreby, J. Am. Chem. Soc. 61, 3113 

’ Butler, Schiff, and Gordon, J. Chem. Phys. 19, 752 (1951). 
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conductances in an anhydrous solvent comparable in 
precision with those for aqueous solutions. 


The experimental technique was, in general, the same as has 
been previously employed in this laboratory except for such modi- 
fications as were required by the new solvent. The most serious 
difficulty with methanol is its tendency to leak under conditions 
where water will not, and such leakage on the closed side of the 
transference cell can introduce serious errors..In the earlier meas- 
urements in the autogenic cell, the cadmium anode was accurately 
ground to fit a tapered female joint sealed to the base of the gradu- 
ated tube;* it was lightly greased (see below) and sealed at the 
bottom with de Khotinsky cement. It was found, however, that 
unless the anode was reground after almost every run, leakage 
resulted. In the final design, a long slightly tapered male joint 
was sealed to the base of the graduated tube, a tungsten wire was 
sealed through a small well at the base of the corresponding outer 
joint, the well was filled with cadmium shavings, and these were 
fused in an atmosphere of hydrogen. This process was repeated 
until the outer joint was filled with cadmium to a level just below 
the ground glass of the inner joint. The resultant surface was sur- 
prisingly smooth and was scraped clean with a steel wire before 
each run. Since cavities between the cadmium and the glass could 
form on cooling after fusion, the electrode was always immersed 
for 24 hours in methanol before using to dissolve any trapped air. 
The glass taper, when lightly greased and pressed firmly home, 
showed entirely negligible leakage over several hours in blank 
experiments. The first grease employed both in this and in the 
sheared cell (see below) was prepared by adding 20 percent by 
weight aluminum stearate to No. 50S.A.E. oil at 200°C; on cooling 
the resultant, moderately firm gel was extracted three times with 
methanol. Subsequently, a firmer methanol-insoluble grease, 
prepared from lithium stearate and oil, proved even more satis- 
factory. It is a pleasure to express our thanks to Dr. Puddington 
of the National Research Council Laboratories, Ottawa, for mak- 
ing this available to us. 

In the sheared cell,’ the anode compartment (B in Fig. 1, 
reference 7) forming the closed side of the cell was replaced by a 
much smaller vessel of approximately 10-cc capacity, a tungsten 
lead was sealed through the base, and a cadmium plug, slightly 
smaller than the neck of the vessel and concave at the bottom, 
was dropped on the tungsten to serve as anode. After being filled, 
the chamber was closed with a glass stopper, mercury sealed. The 
small volume of the electrode chamber on the closed side of the 
cell is important, since, owing to the large coefficient of thermal 
expansion of methanol, temperature fluctuations, which are of 
negligible importance in aqueous solution, can here introduce 
appreciable errors. 

The methanol was prepared as described in reference 5. All 
solutions were prepared gravimetrically from the solvent and the 


6 See Fig. 1, LeRoy and Gordon, J. Chem. Phys. 6, 398 (1938). 
7 Allgood, LeRoy, and Gordon, J. Chem. Phys. 8, 418 (1940). 
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TABLE I. Cation transference numbers. 


























NaCl KCl 
No. I Cc No. I 
m.p.1, meas. milamp. ty 104-5 m.p.l. meas. milamp. ty 104-6 
0.003 7 0.05-0.10 0.4603 1 0.005 9 0.08-0.15 0.5007 1 
0.005 6 0.10-0.23 0.4595 1 0.007 8 0.12-0.24 0.5008 1 
0.007 5 0.13-0.30 0.4587 1 0.01 10 0.20-0.36 0.5013 2 
0.01 12 0.20-0.37 0.4583 1 
TABLE II. Anion transference numbers. 
Cc No. Cc I 
m.p.1. meas. Indicator m.p.1. milamp. a. 104-3 

NaCl 0.01 6 PT 0.006-0.007 0.30-0.50 0.5414 2 

KCl 0.01 8 PT 0.006-0.0066 0.26-0.40 0.4987 2 

KCl 0.01 7 TB 0.008-0.01 0.35 0.4986 z 

KCl 0.01 9 DB 0.008-0.01 0.30-0.50 0.4987 1 

KCl 0.02 8 DB 0.018-0.02 0.47-0.90 0.4988 2 


C;, initial concentration of indicator; PT, paratoluene-sulfonate; TB, triiodobenzoate; DB, diiodobenzoate. 








three-times crystallized KCl or NaCl, which had been heated for 
15 minutes in platinum at 600°C in an atmosphere of dry CO:- 
free nitrogen; precautions (described in the succeeding paper) 
were taken to minimize errors due to evaporation losses and con- 
tamination during the manipulation of the solutions. To convert 
to volume concentrations, the densities of reference 5 were em- 
ployed, and all concentrations have been corrected to vacuum. 

B.D.H. paratoluenesulfonic acid was neutralized with a 
slight excess of potassium or sodium bicarbonate in methanol 
solution to which 3 percent water had been added. The resulting 
salts were twice crystallized from methanol at 30°C under re- 
duced pressure, and they were dried under vacuum for 24 hours. 
The 2,3,5 triiodobenzoic acid as supplied contained considerable 
amounts of a highly colored impurity; it was crystallized from 
boiling methanol, treated with decolorizing charcoal in hot 
methanol solution, then precipitated by adding an equal volume 
of water and cooling, and again crystallized from methanol. 
The salt was prepared by almost neutralizing the acid in methanol 
solution with aqueous potassium bicarbonate. After a crystalliza- 
tion from water, it was precipitated from aqueous methanol by the 
addition of peroxide-free ethyl ether, in which the free acid is 
quite soluble. The resulting fine white crystals were washed with 
anhydrous ether and dried under vacuum. The 2,5 diiodobenzoic 
acid was prepared from anthranilic acid by the method of Wheeler 
and Johns; its purification and the preparation of the potassium 
salt were as described for the 2,3,5 acid. No special precautions 
were used with the other indicator salts, since they were only 
employed for exploratory measurements. 


The results are summarized in Tables I and II. 
Owing to the low specific conductance of the methanol, 
solvent corrections® are negligible except for the lowest 
concentrations. The volume correction®® is also neg- 
ligible for NaCl at all concentrations; for KCl, it 
amounts to-+0.005 C for ¢,, and to —0.005 C for ¢_. Both 
corrections, when necessary, have been included in 
the entries of the tables. Table I gives the results with 


8H. L. Wheeler and C. O. Johns, Am. Chem. J. 43, 398 (1910). 
(1932) J. MacInnes and L. G. Longsworth, Chem. Revs. 11, 171 
10 See in particular Eq. (2), reference 2. The density of the cad- 
mium chloride solutions was determined as described in reference 
5. For the concentration range concerned, it can be represented 
by G=0.78657+-0.75x, where x is the weight fraction of the salt. 


autogenic cation boundaries. These become difficult to 
identify below 0.003 NV for NaCl and 0.005 N for KCl. 
Between these concentrations and 0.01 V, however, they 
are sharp, show no apparent change in the measured /,. 
as the boundary moves up the tube, and are inde- 
pendent of current” over the ranges indicated in the 
table. The self-consistency of the measurements for a 
given run and the agreement between the results for 
different runs are, in general, comparable with those 
found in measurements in aqueous solution; an idea of 
the reproducibility may be obtained from the last 
column in the table, which gives the mean absolute 
deviation for the measurements at the concentration in 
question from the average as printed. At 0.02 NV, how- 
ever, the boundaries become thick and difficult to 
follow; and, moreover, the measured ¢, depends on 
the current. We believe this is caused by greater Joule 
heating in the poorly conducting indicator solution 
at the higher concentration, since, in general, increase 
in concentration demands a corresponding increase 
in current density to maintain a visible boundary. 
In support of this is the fact that with rising anion 
boundaries in the sheared cell (where the relatively 
well-conducting alkali halide solution forms the closed 
side), no difficulty was experienced at this concentration. 

The significant results with the sheared cells are 
summarized in Table II. The paratoluenesulfonate 
boundaries are rather faint ; the di- and triiodobenzoate 
boundaries, on the other hand, are exceptionally sharp 
and easy to identify. With all three indicators (for the 
ranges of initial indicator concentration given in the 
table), the measured ¢_ shows no apparent change as 
the boundary moves up the tube, and it is independent 
of initial indicator concentration and of current. More- 
over, the sum (/,+¢_) is unity for both salts at 0.01 V 


1 As in earlier work, the tube diameter in both autogenic and 
sheared cells was 2.5 mm. 








wit! 


The 
in T 
tran 
tanc 
A 
stud 
are 
pend 
visib 
KCl 
tL de 
lowe! 
no v 
(also 
result 
table 
meth 
serve 
Th 
+o(C 
—(d/ 
(DT) 


> 





RL, ¢ 
BG, | 
consider 








t to 
Cl. 
hey 
d ty, 
nde- 
the 
or a 
, for 
hose 
a of 
last 
ylute 
yn in 
how- 
t to 
Ss on 
Joule 
ition 
rease 
rease 
dary. 
inion 
ively 
losed 
ition. 
; are 
onate 
zoate 
sharp 
yr the 
n the 
ge as 
ndent 
More- 
01 N 


ric and 





NaCl AND KCI 


within experimental precision: 








_ NaCl KCl 
ty 0.4583 0.5013 
t 0.5414 0.4987 
0.9997 1.0000. 


The results in Tables I and II, which are summarized 
in Table III, thus satisfy all the internal criteria for 
transference data; their correlation with the conduc- 
tance measurements is discussed in the following paper. 

A number of other possible indicator ions were also 
studied. Sodium chloride/barium chloride boundaries 
are easily identified at 0.05 N but show some de- 
pendence on current, and at 0.02 N, they are no longer 
visible. Tetraiodofluoresceinate boundaries with 0.01 NV 
KCl as leading electrolyte are diffuse, and the measured 
i. depend on current, are not reproducible, and are 
lower than the values of Table II. Trichloracetate gave 
no visible boundary with 0.01 N KCl, while picrate 
(also with 0.01 N KCl) gave a very faint boundary, the 
resultant ¢_ being approximately that reported in 
table II. It seems possible that with an improved optical 
method now being developed, picrate might have 
served as a suitable indicator ion. 

The familiar Longsworth function” 4,°=(t,A’ 
+a(C)'/(A’+20(C)}) is plotted in Fig. 1. Here A’= Ap 





—(8Ao+20)(C)', &=8.204K10°/(DT)!, o=41.21/ 
(DT)'n, D is the dielectric constant" (31.52), 7 is the 
‘502r 
KCI 
-500F 
t?’ 4667 
NaCl 
464} 
-462 ; . 











° 20 40 60 80 100 
10* ¢ 


Fic. 1. Longsworth function for positive ion plotted 
against concentration. 


2 L. G. Longsworth, J. Am. Chem. Soc.%54, 2741 (1932). 
%G. Akerlof, J. Am. Chem. Soc. 54, 4126 (1932). There is 
considerable variation in the values reported for D. Recently, 
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TABLE III, Transference numbers for KCI and NaCl. 








C 0 0.0002 0.0005 0.001 0.002 0.003 0.005 

t,,KCl 0.5001 0.5001 0.5002 0.5002 0.5003 0.5004 0.5007 

t,, NaCl 0.4633 0.4625 0.4620 0.4615 0.4609 0.4603 0.4595 
C 0.007 0.01 0.02 

t,,KCl 0.5009 0.5013 0.5012 

t,, NaCl 0.4588 0.4582 — 








viscosity“ (0.005445 poise), and C is the concentration 
in moles per liter. The values of # and o are thus 
0.9004 and 78.07, Ao being 104.78 and 97.61 for KCl 
and NaCl, respectively.’ It is at once apparent that 
t,.°’ is linear in C. Writing t,°’=1,°+ BC, the resulting 
t,° are 0.4633 and 0.5001 for NaCl and KCl, respec- 
tively, the corresponding values of B being 0.22 and 
0.10. It should be noted that B is positive for NaCl, 
as one would expect from aqueous results for an electro- 
lyte with ¢,.°<0.5. For KCl, the sign is the opposite to 
that expected, as was the case with 50 mole percent 
aqueous methanol as solvent. It should also be noted 
that t,.° for 0.02 N KCl is 0.5009, so that the plot must 
be definitely curved above 0.01 N. The entries of Table 
III correspond to the plots of Fig. 1. 

Since the ratio ¢,°/t_° for a salt is equal to the ratio 
of the limiting mobilities of the corresponding ions, it is 
at once apparent that both cations are faster relative 
to chloride in methanol than in water at the same tem- 
perature. For KCl, the ratios are 1.000; in methanol and 
0.962; in water, the corresponding values for NaCl 
being 0.8639 and 0.6569. The relative increase is thus 
greater for the cation with the smaller crystallographic 
radius ; i.e., on the hydrodynamic picture, the tendency 
of sodium ion to solvate, relative to potassium, is less 
in methanol than in water. While it is tempting to 
speculate as to the explanation, this seems hardly 
justified until transference data are available for other 
solvents; then such ion conductance ratios may give 
some hint, in the light of solvent properties, as to the 
solution of the problem of solvent-ion interaction. 

In conclusion, we wish to express our thanks to the 
National Research Council of Canada for a grant in 
aid of this research and for the award of a Fellowship 
to J.A.D. and of a Studentship to R.L.K. 


Sadek and Fuoss, J. Am. Chem. Soc. 72, 301 (1950), have ex- 
pressed the opinion that Akerlof’s value is the best. 
(193 sf Jones and H. J. Fornwalt, J. Am. Chem. Soc. 60, 1683 
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Equivalent and Ionic Conductances for Sodium and Potassium Chlorides 
in Anhydrous Methanol at 25°C 


J. P. Butter, H. I. Scuirr, anp A. R. Gorpon 
Chemistry Department, University of Toronto, Toronto, Canada 


(Received February 19, 1951) 


The conductance of sodium and potassium chlorides has been determined in anhydrous methanol for 
concentrations from 0.0002 WV to 0.01 NW. For trace amounts of water, the decrease in equivalent conduc- 
tance for a given electrolyte concentration is proportional to the water content, the proportionality factor 
being a function of the ionic strength. The results up to 0.002 W satisfy the Onsager-Shedlovsky equation. 
The limiting conductances, when combined with the transference data of the preceding paper, give the first 
precise limiting ionic conductances in an anhydrous solvent. The limiting values for chloride ion are the 
same for the two salts within experimental precision; but with increasing concentration, there are deviations 
from the Kohlrausch rule of independent ionic mobilities which are considerably greater than is the case in 
aqueous solution. The equivalent conductance data are in definite disagreement with Frazer and Hartley’s 


results for the two salts in this solvent. 





HE most extensive investigation of the conduc- 
tance of the alkali halides in anhydrous methanol 
has been that of Frazer and Hartley.! The work re- 
ported here was undertaken to provide data for use with 
the transference measurements of the preceding paper? 
and, incidentally, to serve as a check, by an independent 
method, on Frazer and Hartley’s results. We believed 
this desirable in view of the definite discrepancy in the 
values of the density of methanol reported by Frazer 
and Hartley on the one hand and the majority of the 
American workers on the other. 


The measurements were carried out by the direct current 
method previously used in this laboratory with aqueous solutions® 
and 50 mole percent methanol-water mixtures.‘ An additional, 
somewhat larger cell (capacity 660 cc) proved useful in conduc- 
tance measurements for the more dilute solutions and the solvent; 
the cells were repeatedly recalibrated during the research, and 
all measurements are based on Jones and Bradshaw’s 25° 0.01 
demal standard. Bath temperature was fixed with a platinum 
resistance thermometer, with a National Bureau of Standards 
certificate, and bath regulation was to better than 0.005°C. Bias 
potentials between the probe electrodes, obtained from readings 
when the current was passing normally and in the reverse direc- 
tion through the cell, agreed within experimental precision with 
the static values taken when no current was passing through the 
cell; in general, as Butler and Gordon® found, the bias potentials 
were of the same magnitude with methanol as solvent as with 
aqueous solutions. 

The specific conductance of the purified methanol, in general, 
varied between 3 and 510-8; it was normally determined with a 
conventional ac bridge, but was also measured in the large dc cell 
mentioned above. While the bias potentials with pure methanol 
were larger and more erratic than with the solutions, the resulting 
uncertainty in the specific solvent conductance was always less 
than 0.5 percent. The conductances for a given solvent obtained 


1 J. E. Frazer and H. Hartley. Proc. Roy. Soc. (London) A109, 
351 (1925). 

2 Davies, Kay, and Gordon, J. Chem. Phys. 19, 749 (1951). 

*H. A. Gunning and A. R. Gordon, J. Chem. Phys. 10, 126 
(1942), 11, 18 (1943); G. C. Benson and A. R. Gordon, J. Chem. 
Phys. 13, 470 (1945), 13, 473 (1945). 

*H. I. Schiff and A. R. Gordon, J. Chem. Phys. 16, 336 (1948). 
a on) and B. B. Bradshaw, J. Am. Chem. Soc. 55, 1780 
PS Butler and A. R. Gordon, J. Am. Chem. Soc. 70, 2276 
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by the two methods agreed within the precision of the ac method, 
viz., 1 percent; even with the most dilute solutions, an uncertainty 
in solvent conductance of this order introduces an entirely neg- 
ligible uncertainty in the measured equivalent conductance. 

The salts and solutions were prepared as described in reference 2. 
The methanol was a synthetic product supplied by the Union 
Carbide and Carbon Chemical Corporation, and was rectified 
under nitrogen in the 75 plate jacketed Brunn column as described 
in reference 4. Only the center cut of slightly over half the charge 
was employed, its water content (by Fischer’ titration) being, 
in general, close to 0.005 weight percent; the absence of appreci- 
able amounts of other impurities was demonstrated as previously 
described.‘ 

We believe the much lower solvent conductance reported here, 
as compared with that for the earlier measurements,' is due to the 
fact that the crude methanol was shipped in glass rather than in 
iron drums. It was noted that although the iron content of the 
distillate was always negligible (of the order of a part in 20 
million), the higher the iron content of the crude, the higher the 
conductance of the distillate. 

The density of the distillate as determined by a pycnometer of 
the Shedlovsky and Brown® type was 0.78657 at 25°C, corre- 
sponding to 0.78656 for the anhydrous solvent. This amount is 
slightly above that reported by Grinnell Jones and Fornwalt® 
(0.786525), and slightly below the value of McKelvey and Simp- 
son’? (0.78658); it may be compared with the results of Ewart 
and Raikes" (0.78641), of Butler, Thompson, and MacLennan” 
(0.78643), and the value used by Frazer and Hartley (0.7864). 
The density of the solutions (measured with the same pycnometer) 
can be represented for the concentration ranges involved within a 
unit in the fifth decimal place by G=0.78657+-Bx, where x is the 
weight fraction of the salt, and B is’0.84 and 0.72 for NaCl and 
KCI, respectively. 

One source of error is the possibility of changes in concentra- 
tion, during the manipulation of the solutions, owing to the high 
vapor pressure of the solvent. If methanol is added to a weighed 
amount of salt in a glass-stoppered flask, and pressure equilibrium 
with the atmosphere is established, the gain in weight of the flask, 
corrected to vacuum, will be the weight of methanol in the solu- 
tion owing to the small difference in vapor density of methanol 


7K. Fischer, Z. angew. Chem. 48, 394 (1935). 
( 034) Shedlovsky and A. S. Brown, J. Am. Chem. Soc. 56, 1066 
1934). 
' a Jones and H. J. Fornwalt, J. Am. Chem. Soc. 60, 1683 
1938). 
10 EF. C. McKelvey and D. H. Simpson, J. Am. Chem. Soc. 44, 
110 (1922). 
1 F, K. Ewart and H. R. Raikes, J. Chem. Soc. 1926, 1907. 
12 Butler, Thompson, and MacLennan, J. Chem. Soc. 1933, 675: 
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NaCl AND KCl 


and air or nitrogen ;'* for this reason such direct preparation of the 
solutions from the components was used whenever possible. When 
dilution of a stronger stock solution was necessary, one method 
found satisfactory was to transfer, under pressure of dried, 
methanol-saturated nitrogen, the stock solution (prepared as 
described above) through a suitable adapter to the dilution flask, 
which had previously been swept out with methanol-saturated 
nitrogen and weighed. The gain in weight of the flask (corrected to 
vacuum) is then the weight of the stock solution added; more- 
over, such transfers should cause no appreciable change in con- 
centration of the stock solution. The real test of any dilution 
procedure, however, is to compare the conductance of solutions, 
prepared from salt and solvent, with that of solutions prepared by 
dilution. To take a not too favorableexample, three 0.0005 WN KCl 
solutions, prepared from the salt (weighed on a microbalance) and 
methanol, gave values of the Shedlovsky" function Ao’ of 104.68;, 
104.70;, and 104.679; three prepared by dilution of 0.003 WN solu- 
tions gave 104.679, 104.69;, and 104.65;, while four, prepared 
by two successive dilutions of 0.01 N solutions, gave 104.67;, 
104.679, 104.64;, and 104.67; (mean for the ten measurements 
104.67;+0.01;). 

There is a further possible concentration error from evapora- 
tion when the solution is forced into the clean dry conductivity 
cell. To check this, the vapor that normally escaped during filling 
was passed through a small trap, cooled in dry ice-acetone. After 
filling, the trap was closed and weighed. It appeared that under 
standard filling conditions, 0.008 percent of the methanol in the 
solution was lost in this way. This correction has been applied to 
all concentrations. 


A further source of error lies in the possible con- 
tamination of the solvent with water during the prepara- 
tion of the solutions, cell filling, etc; to test this, solu- 
tions were prepared from methanol of known water 
content by the usual procedure, the cell was filled, the 
solutions subsequently removed, and again analyzed 
by Fischer titration. It was found that the water con- 
tent had increased by at most 0.002 percent—an amount 
introducing an entirely negligible error in the measured 
A. Since even the slight amount of water known to be 
present can have a slight effect on the conductance, an 
extensive series of measurements on 0.001, 0.005, and 
0.01 N NaCl solutions was carried out in which known 
amounts of water (up to 0.2 weight percent) were added, 
the additions being checked by Fischer titration. After 
allowing for the slight change in A due to the slight 
change in concentration, it was found, in agreement 
with Hughes and Hartley,’ that the decrease in A for a 
given electrolyte concentration was linear in the amount 
of water added. The ratio w= (percent decrease in A)/ 
(percent water content) is plotted in Fig. 1 against the 
square root of the electrolyte concentration in moles 
per liter. The figure also shows dw computed from 
Hughes and Hartley’s data for 0.0015 N KCl, and 
Ewart and Raikes’ value" of the ratio (percent increase 
in viscosity) /(percent water content) for pure methanol. 
The results suggest that at vanishingly low concentra- 
tions, the effect of traces of water is primarily through 





For a flask half-filled with solution, the resultant error in the 
concentration is of the order of a part in fifty thousand. 

“ The Shedlovsky function (see below) is used rather than the 
equivalent conductance A, since, for the narrow range of concen- 
tration used in these measurements, it is practically independent 
of concentration. 

OQ. L. Hughes and H. Hartley, Phil. Mag. 15, 610 (1933). 


CONDUCTANCE IN CH;0H 




















Fic. 1. The ratio 5w=(percent decrease in A)/(percent water 
content) plotted against the square root of the electrolyte concen- 
tration in moles per liter. BS and G refer to results of this paper on 
NaCl. H and H refer to the data of Hughes and Hartley (reference 
15) for KCl. 


the viscosity, and that at moderate concentrations at 
any rate, the effect depends on ionic strength. All 
measured conductances have been corrected for water 
content. 

Owing to the large number of individual measure- 
ments, only average values of the equivalent conduc- 
tance A as a function of the concentration are recorded 
in Table I. To obtain such averages, the A for each run 
was corrected to the concentration of the table by means 
of the Onsager-Shedlovsky function® Ao’, as discussed 
by Benson and Gordon.’ Such concentration corrections 
amounted to, at most, one or two hundredths of a 
conductance unit in Ao’. Each of the entries corresponds 
to at jeast four, and, in general, to eight or more inde- 
pendent measurements. The mean absolute deviation 
of the individual results from the average as printed 
varies: from less than 0.01 unit for the highest concen- 
trations to about twice this for the most dilute. The 
table also gives values of the Onsager-Shedlovsky func- 
tion® Ag’=[A+20(C)? ]/[1—#(C)*], where? 20= 156.14 
and #=0.9004. It is evident that owing to the slight 
variation in A’ for the most dilute solutions, a graphical 
extrapolation would introduce only a negligible un- 
certainty in the limiting conductance A». We have, 
however, used the method of Shedlovsky and Brown 
since it is particularly sensitive to the value selected for 


TABLE I. Equivalent conductance of KC] and NaCl. 














KCl Ao’ —BC NaCl Ao’ —BC 
104C A Ac’ =©——EC logC A Ao’ —EC logC 
2 101.16 104.70 104.78 94.11 97.56 97.61 
5 99.07 104.67 104.79 92.09 97.54 97.60 

10 96.72 104.64 104.76 89.87 97.59 97.60 
20 93.56 104.76 104.77 86.91 97.83 97.61 
30 91.24 104.97 104.79 84.84 98.24 (97.72) 
50 87.79 105.55 (104.84) 81.80 99.15 (97.87) 
70 85.28 10636 — 79.43 100.03 — 

100 82.32 107.63 — 76.71 101.46 


Mean Ao= 104.78 Mean Ap=97.61 
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TABLE II. Chloride ion conductance. 








10C 0 2 5 10 20 30 SO 70 100 
A, KCl] 52.38 50.57 49.52 48.34 46.75 45.58 43.83 42.56 41.05 
A, NaCl 52.39 50.58 49.54 48.39 46.85 45.79 44.20 42.98 41.56 








Ao, viz., (Ao’— Ao) /C for an assumed Av is plotted against 
log C, and a Ao found by trial which will make the plot 
linear in logC; this at once fixes the coefficients of the 
extended terms in the Onsager-Shedlovsky equation 


Ao’ = Ag+ BC+ EC logC. (1) 


The resultant values of Ao, B, and E are 104.78, 1005, 
and 375 for KCl, and 97.61, 1120, and 375 for NaCl. 
That an equation of this form does fit the data for the 
most dilute solutions is also shown in the table which 
gives values of Ay’ — BC—EC logC. It should be noted 
that while the coefficients B and E are large, the net 
contribution of the linear and logarithmic terms is small 
for the concentration range where Eq. (1) represents the 
data, and it is not surprising that the equation fails for 
the more concentrated solutions. It is also evident that 
Ao’ exhibits a minimum for both salts, i.e., on the con- 
ventional A vs (C)? plot, the results for the most dilute 
solutions would lie below the limiting slope. 

Our results, self-consistent though they may be, are 
nevertheless in serious disagreement with those of 
Frazer and Hartley, who give 96.95 and 105.05 as Ao for 
NaCl and KCl, respectively. While Frazer and Hartley’s 
individual results show considerably greater scatter 
than do ours, such discrepancies are far beyond their 
apparent experimental precision, and, in fact, are of 
the opposite sign for the two salts, thus eliminating 
any obvious systematic error as an explanation in 
either research. Moreover, Frazer and Hartley’s results 
are inconsistant with the transference measurements? 
if the Kohlrausch rule be assumed valid. It should per- 
haps be noted that their solvent conductances as re- 
ported are in some instances much larger than ours, and 
they seem to vary in a somewhat erratic manner from 
one series to the next. Whether uncertainty as to solvent 
conductance could be the explanation is, however, 
rather doubtful. 

If the Ao reported here be combined with the 1,° of 


TABLE III. Ion conductance and solvent properties. 











AQ” 103\°”7/D NnV 

K H,0 0.658 8.38 11.89 
+ CH;0H 0.285 8.75 11.62 
Na H,0 0.448 5.71 8.10 
+ CH;0H 0.246 7.55 10.03 

Cl H,0 0.683 8.70 12.35 
- CH,;0H 0.285 8.75 11.62 








SCHIFF, AND GORDON 


reference 2, one obtains 45.22 and 52.40 for the limiting 
conductance of sodium and potassium ions; the chloride 
ion conductances for the two salts are tabulated in 
Table II. It is apparent that while the Kohlrausch 
rule is obeyed well within experimental precision at 
infinite dilution and at very low concentrations, with 
increasing concentration there are deviations which are 
considerably larger than in aqueous solution, and that 
here, just as with water and 50 mole percent aqueous 
methanol as solvents, chloride tends to have the 
greater mobility with sodium as cation** than with 
potassium. 

One result immediately apparent from our data is 
the fact, which has been repeatedly emphasized, notably 
by Kraus,'* that no omnibus relation can predict ion 
conductance in one solvent from that in another. 
Even more striking is the complete failure of the 
Walden rule, as is evident from Table III which gives 
the limiting conductance-viscosity product for the three 
ions in water and in methanol. Van Rysselberghe and 
Fristrom” pointed out some years ago that the quan- 
tity Aon/D, where D is the dielectric constant, varied 
less on passing from water to methanol and isopropyl 
alcohol than did Aon. That the same is true for the ion 
conductances reported here is evident from Table III, 
the variation being greatest for the sodium ion. Van 
Rysselberghe and Fristrom gave no theoretical justifica- 
tion for introducing the dielectric constant, although 
one could perhaps use the change in the dielectric con- 
stant on passing from solvent to solvent as some sort 
of qualitative measure of the tendency of a given ion to 
solvate with solvent dipoles. It happens, however, that 
almost as small a variation is found in the quantity 
AV, where V is the molar volume of the solvent, so 
that too much stress cannot be laid on this. We believe, 
as Kraus has pointed out, that the correlation of ionic 
mobility with solvent properties must eventually be 
treated in terms of solvent-ion interaction, specific for 
a given ion. If this be so, it will probably require trans- 
ference measurements for a number of solvents before 
full advantage can be taken of the great mass of con- 
ductance data now available.* 

In conclusion, we wish to express our thanks to the 
National Research Council of Canada for a grant-in-aid 
of this research and for the award of Fellowships to 
J.P.B. and H.LS. 


16 C. A. Kraus, Ann. N. Y. Acad. Sci. 51, 789 (1949). 

17P. Van Rysselberghe and R. M. Fristrom, J. Am. Chem. Soc. 
67, 680 (1945). 

* Note added in proof:—Since this paper was submitted to the 
Journal, Evers and Knox (J. Am. Chem. Soc. 75, 1739 (1951)) 
have reported conductance measurements for KCI and NaCl in 
methanol. They find Ap=104.93 and 97.25 for KCl and NaCl, 
respectively. The reason for the discrepancy between their data 
and ours is not apparent. It should be noted that their results are 
inconsistent with the transference data if the Kohlrausch rule 
be assumed valid at infinite dilution. 
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Fractionation of the Carbon Isotopes in Decarboxylation Reactions. III. The Relative 
Rates of Decomposition of Carboxyl-C” and -C!* Mesitoic Acids* 


AKsEL A. BOTHNER-By AND JACOB BIGELEISEN 
Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, New York 


(Received February 8, 1951) 


The relative rates of decarboxylation of C#- and C'*-carboxyl mesitoic acids have been studied at 61.2 
and 92.0°C. The ratios of the rate constants at these temperatures are 1.037+0.003 and 1.032+0.001, re- 
spectively. A comparison is made with similar ratios determined experimentally for other acids and with 


theoretical calculations of the ratios. 





INTRODUCTION 


N two previous communications from this laboratory, 
the effect of the substitution of the isotopes of 
carbon C® and C™, for C”, on the rate of decarboxyla- 
tion of malonic acid has been discussed briefly from a 
theoretical! and an experimental’ point of view. The 
theoretical calculations, which were based on a simpli- 
fied model and neglected the vibrations within the 
carboxyl group itself,? indicated a much smaller isotope 
effect on the decarboxylation rate resulting from C™ 
substitution in malonic acid and brom-malonic acid 
than had been reported in the literature.’ 

The experimental results obtained in this laboratory 
for the C® fractionation in the decarboxylation of 
synthetic samples containing C™® of “natural” abun- 
dance cast considerable doubt on the validity of the C™ 
experiments of Yankwich and Calvin.* While the frac- 
tionation factors for C® are but one-half those for C%, 
one expects an over-all precision of one order of mag- 
nitude greater for the mass spectrometric method with 
C8 than for beta-counting* with C. The fractionation 
factors for C®™ in the decomposition of malonic acid 
were calculated with the plausible assumption that the 
C*% was distributed between different positions in 
malonic acid without any significant internal fractiona- 
tion. This assumption was based on the fact that the 
C®0./C”O, ratio obtained from the complete combus- 
tion of the malonic acid sample was within 1 percent of 
that of ordinary CO». 

Two lines of approach have been used in this labora- 
tory to check on the validity of the fractionation factors 
for malonic acid calculated with the above-mentioned 
assumption of the distribution of C® among the different 
positions. In a series of experiments, attempts were 
made to obtain quantitatively the carboxyl carbon 
atoms from both malonic acid and some substituted 
malonic acids in the form of CO:. All of these experi- 
ments were subject to one or several objections, and 
their results are, therefore, somewhat inconclusive. 





* Research carried out at the Brookhaven National Laboratory 
under the auspices of the AEC. 
‘J. Bigeleisen, J. Chem. Phys. 17, 425 (1949). 

_? J. Bigeleisen and L. Friedman, J. Chem. Phys. 17, 998 (1949). 
* P. E. Yankwich and M. Calvin, J. Chem. Phys. 17, 109 (1949). 
*A more detailed discussion of the relative precision of the two 

methods is given by J. Bigeleisen and T. L. Allen, J. Chem. Phys. 

19, 760 (1951). 
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In no case was any evidence obtained which would have 
led us to reject the reported? fractionation factors for 
C® in the decarboxylation of malonic acid. The other 
attack we have made on this problem is a somewhat 
more inductive one. There are many monocarboxylic 
acids which decarboxylate readily in either acidic, 
neutral, or basic solutions. If a monocarboxylic acid is 
quantitatively decarboxylated, one can determine the 
C® content of the carboxyl group unambiguously. 
Measurement of the C® content of cumulative CO, 
samples collected from reactions carried to known 
amounts of completion will permit the calculation of 
the ratio of the rate constants directly. 

Subsequent to previous communications from this 
laboratory on this subject,' Pitzer® proposed a model 
for the decarboxylation reaction. Calculations based 
on this model gave reasonably good agreement with the 
experimental results of Yankwich and Calvin en 
malonic acid but could not account for the large differ- 
ence between malonic acid and brom-malonic acid 
reported by Yankwich and Calvin.’ An interesting 
aspect of Pitzer’s model is that it leads to the prediction 
that the elimination of CO. from a singly carboxyl- 
labeled malonic acid would proceed at exactly one-half 
the rate of decarboxylation of an all C malonic acid. 
The experimental data of Bigeleisen and Friedman? 
indicate that there is an isotope effect in this process 
such that the all C” molecules give C"O, 1.017 times as 
frequently as the singly C™ carboxyl-labeled molecules 
produce this same species, apart from the statistical 
factor of 2. This factor is again dependent on the above 
mentioned assumption of the distribution of C™ in 
“natural” malonic acid. This might be interpreted as 
evidence for the lack of attainment of equilibrium in the 
transition state as discussed by Pitzer. On the other 
hand, the original calculations presented by Bigeleisen! 
show that such an effect can be accounted for without 
recourse to the question of equilibrium in the transition 
state, although the magnitude of the effect calculated 
on a model which neglects the internal vibrations of 
the carboxyl group is smaller than the experimental 
value. 

To obtain additional experimental data, which might 
help to clarify some of the questions raised above, a 


‘K. S. Pitzer, J. Chem. Phys. 17, 1341 (1949). 
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Fic. 1. Decarboxylation apparatus. 


study of the C" isotope effect on the rates of decarboxy- 
lation of two rather different monocarboxylic acids 
has been carried out. In this paper, we report a study 
of the acid catalyzed decarboxylation of mesitoic acid. 
In the paper immediately following are reported the 
results of a study of the decarboxylation of trichlor- 
acetate ion in slightly alkaline solution. The acids also 
differ in that one is an aromatic acid with the possibility 
of some resonance, although probably considerably 
reduced from that in benzoic acid by steric effects, and 
the other is the ion of an aliphatic acid. An additional 
factor which suggested the choice of these acids is the 
fact that they both decarboxylate at rates which are 
first-order with respect to the organic acid.*:7:8 
Simultaneous with but independent of our investiga- 
tions, Lindsay, Bourns, and Thode** have carried out a 
detailed experimental study of the fractionation of C* 
in the decarboxylation of malonic acid which they have 
kindly communicated to us in advance of publication. 
Their experimental results are in good agreement with 
those reported by Bigeleisen and Friedman.? They have 
analyzed the isotopic composition of the methylene 
carbon of Eastman Kodak malonic acid and find it to 


be identical with the average abundance of C® in 


malonic acid within 0.03 percent. Their findings add 
additional support to the experimental data reported 
from this laboratory and completely justify the assump- 
tions made by Bigeleisen and Friedman in calculating 
ratios of rate constants from their experimental data. 
Finally, Lindsay, Bourns, and Thode find that the 
isotopic composition of CO: formed from the complete 
decarboxylation of malonic acid is independent of 
temperature in the range from 138-200°C, in good 
agreement with the a priori calculations published by 
one of us.! 


6 W. M. Schubert, J. Am. Chem. Soc. 71, 2639 (1949). 

7F. H. Verhoek, J. Am. Chem. Soc. 56, 571 (1934). 

8R. A. Fairclough, J. Chem. Soc. 1186 (1938). 

8* Lindsay, Bourns, and Thode, Can. J. Chem. 29, 192 (1951). 
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EXPERIMENTAL 
Materials 


Mesitoic acid was prepared by the carbonation of the 
Grignard reagent of mesityl bromide.’ The crude acid 
was recrystallized three times from normal heptane. 
The purified acid was ground to a fine power and then 


’ dried in vacuum at 110°C for 24 hours. (M.P. 151.5- 


152.0°C corrected; previously reported 150-152°C.)® 
Sulfuric acid, 85.75 percent by weight, was prepared by 
dilution of ‘‘Baker’s Analyzed” concentrated sulfuric 
acid. The composition was determined by alkalimetric 
titration of a weighed sample. 


Decarboxylation Apparatus and Procedure 


_ Ina typical experiment, a 0.35-gram sample of puri- 
fied mesitoic acid was weighed into the side arm A of 
the reaction vessel shown in Fig. 1. A 50-ml sample of 
the sulfuric acid was delivered into side arm B from a 
pipette. The flask was attached to the manifold and 
carefully evacuated. Fifteen minutes were allowed for 
the contents of the flask to come to thermal equilibrium 
with the thermostat. Trap D was cooled by a solid 
CO,-acetone bath. The receiver vessel G was immersed 
in liquid nitrogen: The mesitoic acid was dissolved in 
the sulfuric acid by rotation of the vessel through 180° 
about the joint H. The mixing time was noted. The 
CO: evolved was continuously condensed in bulb G. 
After a predetermined time interval, stopcock I was 
closed, which isolated bulb G from the remainder of the 
system. To determine the amount of reaction up to this 
time, the CO, was allowed to come to room tempera- 
ture and its pressure measured in the constant volume 
manometer J. The portion of the vacuum system which 
contained the CO, sample to be measured was pre- 
viously calibrated for volume. The gas was then re- 
condensed in bulb G. 

A mass spectrometric examination of the CO: ob- 
tained in this way showed traces of mesitylene which 
would interfere with the determination of the C%O./ 
C¥O, ratio in the mass spectrometer. The CO: in bulb 
G was therefore purified further by three successive 
sublimations between vessels held at 165° and 77°K. 
The sublimation train is shown in Fig. 2. The CO2 was 


Vacuum 














. 


Fic. 2. CO: purification train. 


® Organic Syntheses (John Wiley and Sons, Inc., New York, 
1941), Vol. 21, p. 77. 
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sublimed at a very slow rate to facilitate the adsorption 
and condensation of the mesitylene entrained in the 
CO:. After this procedure the sum of all the peaks in the 
mass spectrum of the gas in the range of m/e from 40 
to 50, other than those resulting from the isotopic CO: 
molecules, was of the order of 0.01 percent of the peak 
at m/e=44. Impurities, therefore, contribute a neg- 
ligible error in the determination of the C¥0./C”O, 
ratio. All of the CO: introduced into the purification 
train (Fig. 2) was quantitatively recovered to avoid any 
fractionation in this process. 

Samples of mesitoic acid were decarboxylated at 
61.2+0.1° and 92.0+0.1°C. 


Isotopic Analyses 


The C® content of the CO2 samples was determined 
by measurement of the 45/44-peak height ratios in a 
Consolidated-Nier “Isotope-Ratio” mass spectrometer. 
Frequent intercomparisons of the individual samples 
were made with a reference sample of CO, to check on 
the stability and reproducibility of the instrument. 
Three or more analyses were made on each sample and 
the deviations shown are the average deviations from 
the mean. Small corrections were made to convert the 
results of the analyses of each sample to numbers 
corresponding to an average value for the reference gas. 
The deviations of the individual average values for the 
reference gas from an average of the averages was not 
more than the deviations in a series of determinations. 


RESULTS 


The isotopic composition of the CO: collected up to 
any degree of completion of the reaction can be ex- 
pressed in terms of the ratio of two rate constants. 
C"O,. and CO, are formed from the various isotopic 
species in accord with the following equations: 


C200H 
CH; CH; CH; CH; 
Ws 
12 ki 
———  C"0.4 » 
CH; CH; 
C200H 
CH; CH; CH; CH; 
Ren 
—— C+ Yes » (2n) 
CH; CH; 
C®800H 
CH; CH; CH; CH; 
ks 
am OND ee 


CH; CH; 


ISOTOPE EFFECT IN 





DECARBOXYLATION 


TABLE I. Isotopic composition of COz samples from 
the decarboxylation of mesitoic acid. 








Sample 





No. mC f Nz X104 (ks/k1) —1 

Z—95 61.2 0.420 122.22+0.02 —0.0358 

E-—95 61.2 0.579 122.41+0.04 —0.0400 

Y—95 61.2 0.662 123.26+0.04 —0.0324 
2E—95 61.2 0.920 124.93+0.01 (—0.0172) 
Average 61.2 —0.0361+ .0026 
2Y—95 92.0 0.155 121.74+0.03 —0.0341 

H-—95 92.0 0.525 122.96+0.05 —0.0306 

A—95 92.0 0.615 123.16+0.05 —0.0315 
2A —95 92.0 0.990 125.18+0.05 — 
Average 92.0 —0.0321+.0014 
Tank CO, 129.60+0.03 








In Eqs. (1-3), the symbol 12 means all the carbon 
atoms in the mesityl group are C”. The symbol 13 
refers to one C® in the mesityl group. Inasmuch as the 
fractionation factors are small and the natural abun- 
dance of C™ is of the order of 1 percent of the total 
carbon, we may neglect reactions of species containing 
more than one C® per molecule. Of all the equations 
(2m), the only one of any significance is the one with 
the C in the ring position attached to the carboxyl 
group. The rate constant of this reaction will be inter- 
mediate between k; and k;. Since these reactions 
produce C”O2, we can neglect the effect of C® in 
positions other than the carboxyl group. 

The isotopic composition of the cumulative CO, 
sample collected up to any fraction, f, of complete 
reaction is therefore given by the following equation :'° 


(N./Nw»)=([1—(1-f)*""J/y, (4) 


Nz =C¥O2/C"O, at f=f, 
N»=C*0./C®O, at f=1. 


Equation (4) can be rewritten to give the deviation of 
the ratio of the rate constants k;/k, from unity." We get 


(4 J )-(- 1) (i—f). (5) 
og ve 1-7) Nix og(1—f). 


where 





The results of the analyses of the CO, samples ob- 
tained from reactions carried to various degrees of 
completion are given in Table I. 

To calculate the quantity (k3/ki—1) from the iso- 
topic compositions given in Table I, we must have a 
value of Nw» and the abundance ratios must be cor- 
rected for incomplete resolution of the mass spectrom- 
eter and the presence of O!” in CO:. The resolution and 
O" corrections can be expressed as an additive correc- 
tion to the ratio and therefore need only be applied to 
Nw» as it appears in the denominator of Eq. (5). The 
resolution correction was determined experimentally, 
and the O" correction was made by suitable correction 


10 J. Bigeleisen, Science 110, 14 (1949). 
1 This procedure was suggested to us by Professor E. Grunwald. 













































02 
© Te61.2%C 
@ T#92.0°C 
01S ° 2 
7 *. 
“jz 01 
z 
+ 
° 
& 
005 
t.) 0.1 0.2 0.3 0.4 0.5 
tog (l-t) 


Fic. 3. Isotope effect on the rate of decarboxylation 
of mesitoic acid. 


of Nier’s data” to a value which would have been ob- 
served under the operating conditions of our spectrom- 
eter. In these experiments, the total correction is 
—9,.22X10~. The value of V. was calculated from the 
analysis of sample 2A and an assumed value of 
(k3/ki—1) of —0.032. This gives for the uncorrected 
value of Ny» (125.38+0.05)X10~. The values of the 
deviation of the ratio of the rate constants from unity 
in column V were calculated with this value of NV» and 
the above correction applied to it. 

In the calculation of the average values of (k3/ki—1), 
the points at over 90 percent conversion were omitted. 
The expected precision of (%3/k1—1) calculated from 
these points is much lower because of the small frac- 
tionation factor and the magnification of errors in its 
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Fic. 4. Comparison of theoretical computations and experi- 
mental data for the effect of C substitution on the rate of de- 
carboxylation reactions. The curves marked P and B are calcu- 
re from the models proposed by Pitzer and Bigeleisen, respec- 
tively. 


® A. O. C. Nier, Phys. Rev. 77, 789 (1950). 
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determination by the quantity f/i—/f. A plot of 
logl1+(Nw—N2/N»)(f/1—f)] vs log(i—f) is given 
in Fig. 3. The best straight lines through the origin are 
drawn through the experimental points. The points at 
61.2°C scatter somewhat more than would be expected 
from the reproducibility of the mass spectrometer 
analyses. However, Eq. (5) affords a very stringent test 
of the consistency of the experimental data. From the 
slopes of the lines in Fig. 3 we obtain, for the ratio 
ki/kz, the values of 1.037+-0.003 and 1.032+0.001 at 
61.2° and 92.0°C, respectively. In essence, the results 
obtained in this way constitute a different method of 
averaging the experimental data than the method used 
in Table I, which led to the values 1.037+0.003 and 
1.0330.001. 

It is interesting to note that the carboxyl carbon of 
mesitoic acid prepared by reaction of Grignard reagent 
with excess dry ice is appreciably depleted in C. Most 
of this fractionation undoubtedly occurs during the 
reaction but is not readily interpretable. The process is 
complicated by diffusion effects as well as chemical 
rate phenomena. 

The temperature coefficient of k:/k3 is so small that 
the ‘difference in the results at the two temperatures is 
just outside the limit of the experimental errors. Figure 
3 shows that the ratio at 61.2°C is clearly larger than 
that at 92.0°C, in accord with theoretical expectations. 


DISCUSSION 


The results obtained for the ratios of the rate con- 
stants for the decarboxylation of C” and C® carboxyl 
carboxylic acids, k:/k3, may be compared to the results 
of similar investigations. In the following paper,! this 
ratio, for trichloracetate, is found to be 1.0338--0.0007 
at 70.4°C. For malonic acid, a value of 1.037--0.002 at 
137°C has been reported from this laboratory. This 
value is subject to the assumptions discussed in detail 
in the introduction of this paper. In view of the small 
temperature coefficients which have been found and 
the fact that the ratio does not seem to be much affected 
by the acid studied nor the medium, the present experi- 
ments as well as those of Lindsay, Bourns, and Thode* 
add additional support to this value for malonic acid, 
and strengthen the plausibility of the assumption about 
the distribution of C" in our sample of malonic acid. 
The results obtained by Lindsay, McElcheran, and 
Thode" for the decarboxylation of oxalic acid are not 
strictly comparable to the other decarboxylation reac- 
tions. In the decarboxylation of oxalic acid the products 
are CO2, CO, and H.0. This reaction involves the rup- 
ture of both carbon-carbon bonds and carbon-oxygen 
bonds. It is expected that such a reaction would be 
accompanied by larger isotope effects than the malonic 
acid reaction, and this is indeed the case. 

Yankwich and Calvin* reported measurements on 
samples from the complete decarboxylation of C™- 


eee McElcheran, and Thode, J. Chem. Phys. 17, 589 
1949). 
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labeled malonic acids. The results reported from this 
laboratory for C® label for complete decarboxylation 
(k4/ks—1) were 0.020+0.001.2 Yankwich and Calvin 
report values of 0.12+0.03 and 0.41+0.08 for C™- 
labeled malonic and brom-malonic acids, respectively. 
These values can be compared directly with values ob- 
tained in C® experiments by division of the C™ values 
by 2. It is clear that the values of Yankwich and Calvin 
would be too large even for the ratio ki/ks. Their results 
are difficult to understand and no other work on the 
effect of isotopic substitution in decarboxylation reac- 
tions gives support for the large fractionation factors 
reported by them. 

The experimental results for the ratios ki/nks—1, 
where u is the number of carboxyl groups in the parent 
molecule, are compared with calculations based on 
Pitzer’s model and a model proposed previously by one 
of us! in Fig. 4. It is clear that neither model is entirely 
satisfactory. The model proposed by Bigeleisen gives 
closer agreement with experiment and predicts a 
definite, but small, change in the fractionation factor 
for the decarboxylation of malonic acid as a function of 
the amount of reaction. Pitzer discusses this possibility 
in terms of the establishment of equilibrium between 
the activated complex and the substrate. Previous 
theoretical considerations of this general problem'*—* 
seem to indicate that the question of equilibrium should 
not be a significant factor contributing to either the 
ratio ki/kz or ky/k3. Neither the experiments using C® 
in the oxalic acid decomposition® nor ones on the frac- 
tionation of O'8 in the decomposition of ammonium 
nitrate!” require such assumptions. 

It is important to inquire as to the reasons for the 
disagreement between Pitzer’s calculations on the rela- 
tive rates of forming CO, and C*O, from singly car- 
boxyl-labeled malonic acid and experiment. The pre- 
vious calculations for this ratio! led to predictions which 
have been quantitatively verified experimentally.'-** 
The ratio of the rate constants for the two competitive 
reactions 

C*OOH 
C"H2 —— C"0.+C"H;C*OOH 


C”00OH 
——  C*0;+C"H;C"00H 


are calculated in both cases by the use of a general 
relation for the effect of isotopic substitution on the 
rates of chemical reactions:® 


hy m*, 3 i=27 i=27 
= (=) [14+ E Glu)au—F G(us)aud]. (6) 


kz m3 


4H. A. Kramers, Physica 7, 284 (1940). 

16H, Eyring and B. Zwolinski, J. Am. Chem. Soc. 69, 2702 
Con M. Hulburt and J. O. Hirschfelder, J. Chem. Phys. 17, 964 
oT. Friedman and J. Bigeleisen, J. Chem. Phys. 18, 1325 
(SY Bigeleiaen, J. Chem. Phys. 17, 675 (1949). 
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In Eq. (6), the subscripts 3 and 4 follow the nomen- 
clature used by Bigeleisen and Friedman.” The terms 
in the equation have been defined previously.'* 
Pitzer’s calculations are based on a reasonable ap- 
proximation for the effect of substitution of isotopic 
carbon in the carboxyl group on the vibrations of 
malonic acid. In Pitzer’s model, these contribute the 
major effect to the calculated differences in rates. 
In actuality, one can see that their contribution is 
identically zero. We are considering two competitive 
reactions of a single compound. All the properties of the 
compound, including its free energy, are completely 
determined and independent of which of the reactions 
we consider. This is expressed quantitatively in Eq. (6) 


by the fact that all the factors Au; are zero. The term 
i=27 
> G(u;)Au; expresses the effect of isotopic substitu- 


tion on the free energy of a molecule by virtue of differ- 
ences in the molecular vibrations. 

For the case under discussion, namely, the relative 
rates of reaction of a substrate into products which 
differ only in their isotopic composition, Eq. (6) 
reduces to 


fe 1 ¥ Giudaud 7 
~-(=)u-£ (ud)autl. (7) 


For such reactions, it is reasonable to neglect the term 
#=27 


> G(u;)Au;. The latter approximation has been dis- 


t 
cussed in detail previously.” 

For the calculation of the ratio of the rates of de- 
carboxylation of two molecules which differ in isotopic 
composition, k;/k3, the vibrations of the substrate and 
activated molecules are all important. It is clear from 
Fig. 4 that neither of the models which have been used 
to calculate this quantity are satisfactory. The short- 
comings of the model proposed by Bigeleisen! are that 
the internal vibrations.of the carboxyl group were 
neglected. Pitzer’s calculations lead to high values for 
ki/kz as well as for the ratio k,/k; in the malonic acid 
case. His treatment of the effect of C* substitution in 
the carboxyl group of organic acids on their vibrations 
is a reasonably good approximation. However, the 
present experimental data as well as those on malonic 
acid*:** indicate that the vibrations within the carboxyl 
group and of the total molecule in the normal species 
and the transition state are not adequately represented 
by either model. 

More detailed calculations of the ratio k:/k; require, 
therefore, detailed information on all the force constants 
in the molecule and the transition state. On the other 
hand, such information is not needed for the calculation 
of the ratio k4/ks, and hence the good agreement be- 
tween theory and experiment. 
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A precise determination of the relative rates of decomposition of 1-C” and 1-C* trichloracetate ions has 
been made. The 1-C” ion has been found to decompose 1.0338--0.0007 times as fast as the 1-C ion into 


chloroform and bicarbonate at 70.4°C. 


Trichloracetate ion has been found to undergo a decomposition reaction which gives chloride ion but no 
CO:, OH-, nor H*. The ratio of the rate constants for the production of Cl- and bicarbonate is 0.078. 

The errors in the determination of the effect of isotopic substitution on the rates of chemical reactions 
are discussed. In the study of the isotopes of carbon, experiments using mass spectrometric analyses of C™ 
at the natural abundance level are capable of a precision of one order of magnitude better than ones in which 


the specific activity of C is determined by counting. 





INTRODUCTION 


N the preceding paper,! the need for precise experi- 
mental data on the fractionation of the isotopes of 
carbon accompanying decarboxylation reactions is dis- 
cussed. This paper presents the results of such an in- 
vestigation on trichloracetate ion. The kinetics of the 
decomposition of trichloracetate have been investi- 
gated and the reaction has been found to be first order 
in trichloracetate and dependent upon fH only through 
the ionization of trichloracetic acid.? In alkaline solu- 
tions the rate of the reaction is independent of pH. 
Verhoek? postulates the following mechanism for the 
reaction, 


Cl;C— CO.———>CCl;-+ CO2 
CCl;-+H,O———>CHC];+OH- 


(slow) (1) 
(rapid). (2) 













PLATINUM 








TUBE 
WITH No OH 


SODIUM 
TRICHLORACE TATE 
SOLUTION 








Fic. 1. Reaction flask. 


* Research carried out under the auspices of the AEC. 

t Present address: University of California, Davis, California. 
(19 sh) A. Bothner-By and J. Bigeleisen, J. Chem. Phys. 19, 755 

* F. H. Verhoek, J. Am. Chem. Soc. 56, 571 (1934). 
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Checks on the nature of the reaction which we have 
carried out simultaneously with the study of the frac- 
tionation of the carbon isotopes indicate that there is a 
side reaction of trichloracetate which occurs to a small 
but definite extent. The side reaction, which does not 
interfere with the fractionation study, is described in 
this paper also. 


EXPERIMENTAL 


The procedures and techniques used throughout the 
investigation were those customary in quantitative 
work except in one respect. The thermostat used was a 
commercial glass jar thermostat filled with oil, and the 
temperature of the reaction system was constant to 
better than a tenth of a degree C. This temperature 
control is adequate for the present work because sub- 
stitution of C"™ for C” produces little change in the 
activation energy of the reaction'*® and the ratio of 
the rate constants of the C” and C® ions is measured 
directly in one experiment. 

Sodium trichloracetate was prepared and purified 
according to the method of Hall and Verhoek* from 
Baker and Adamson’s U.S.P. trichloracetic acid and 
carbonate-free sodium hydroxide. Carbonate-free so- 
dium hydroxide was used throughout the investigation 
to avoid the introduction of extraneous CO: into the 
CO, from the decomposition reaction. It was prepared 
according to the method suggested by Kolthoff and 
Sandell.® The distilled water used in this work was boiled 
before use and was carbonate-free. 

The decomposition reactions were carried out in 
flasks similar to the one shown in Fig. 1. The sodium 
trichloracetate solutions were prepared by the dilution 
of a 0.535 M stock solution. Prepurified nitrogen was 
passed through a trap at liquid nitrogen temperature 
and was bubbled through the trichloracetate solution 
to remove dissolved air. The test tube containing so- 

3 J. Bigeleisen, J. Chem. Phys. 17, 425 (1949). 

; . a} A. Hall, Jr., and F. H. Verhoek, J. Am. Chem. Soc. 69, 613 
CLM. Kolthoff and E. B. Sandell, Textbook of Quantitative 


Inorganic Analysis (Macmillan Company, New York, 1946), 
p. 551. 
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dium hydroxide, which was inserted to prevent loss of 
CO, was then lowered into the reaction flask. The flask 
was then placed in a bath at 50°C, and nitrogen was 
bubbled through the reaction solution for fifteen min- 
utes. The stopcocks on the flasks were then closed, 
and the flask was transferred to the thermostat. The 
reaction was allowed to proceed for a predetermined 
time after which the flask was removed from the 
thermostat, and the reaction was quenched by cooling 
the flask in ice water. The sodium hydroxide in the test 
tube was then added to the reaction mixture by shaking 
and tilting the reaction flask. The CO: was recovered 
from the solution in the apparatus shown in Fig. 2. 

The contents of the reaction flasks were quantita- 
tively transferred to the acidification vessel shown in 
Fig. 2. The contents of this vessel were successively 
frozen, pumped, and melted until all the air was re- 
moved. Excess sulfuric acid was then introduced into 
the acidification vessel. CO: and some chloroform were 
collected in trap B; chloroform and water were col- 
lected in trap A. A mass spectrometric examination of 
the CO, fraction showed appreciable quantities of 
chloroform. Final purification of the CO, from chloro- 
form was effected in the following manner. A duplicate 
acidification vessel containing sodium hydroxide solu- 
tion was placed on the line and evacuated. The CO, 
and some of the chloroform were sublimed from a vessel 
at —80°C into the sodium hydroxide vessel which 
had been cooled with liquid nitrogen. The solution was 
acidified and the CO2 was again collected in trap B. 
Stopcock C was closed at all times while CO, was being 
collected. The CO2 was then transferred to the gas 
burette and its volume was measured. The measured 
volumes were corrected for gas imperfection by means 
of van der Waals’ equation. The CO: sample was stored 
in a bulb for the mass spectrometer analysis. The 
method was checked for quantitative recovery of CO: 
by collecting the CO, from a known volume of a stand- 
ardized NaHCO; solution. Recovery of CO: by this 
procedure was found to be quantitative. Mass spec- 
trometer analyses of the CO: separated from the reac- 
tion mixture after the above purification procedure 
showed that the samples were essentially pure COs. 
The only peaks in the mass spectrum of the gas in the 
mass range examined (28-70) were those from the 
isotopic CO2 molecules and their ion fragments. 

After the CO, had been removed from the reaction 
mixture, the samples were back-titrated with alkali 
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Fic. 2. Apparatus for recovery and purification of 
CO, from bicarbonate solutions. 


and then titrated for chloride by the Mohr method. 
Blanks were run for the chloride titrations with CaCO; 
and Na2SO, added to the distilled water. 

Reactions were carried out in individual vessels for 
different lengths of time. 

Mass spectrometer analyses of the CO, samples 
were made on a Consolidated-Nier ‘Isotope-Ratio” 
mass spectrometer. . 


RESULTS 


Verhoek? and Hall and Verhoek‘ found that the de- 
composition of trichloracetate ion in aqueous solution 
was accompanied by the production of chloride ion 
which they ascribed to oxidation of chloroform to 
phosgene and its hydrolysis, and to hydrolysis of chloro- 
form in basic solution, respectively. We find that neither 
of these assumptions are adequate to establish a material 
balance in our experiments. In Table I are presented 
data on the production of HCO;-, H*, and Clr in 
solutions at 70.4°C which were each initially 0.107 M 
in sodium trichloracetate. 

In experiment 4-71 of Table I it is seen that after the 
reaction has been extended for 13 half-lives, the CO» 
produced is only 92.8 percent of the starting material. 
Obviously some of the trichloracetate must react in 
a way which does not give CO» when the final solution 
is acidified. In addition, it is evident from experiments 
3-56 and 5-62 that chloride is produced without either 
H* or OH-. The ratio of chloride to CO, in these two 
experiments as well as in other experiments in which 
there was less than 25 percent decomposition is a 
constant. This means that up to 25 percent decomposi- 
tion chloride ion is produced with the same half-life as 


TABLE I. Stoichiometry of the aqueous trichloracetate decomposition reaction. 











Initial amount Millimoles Millimoles Millimoles Cl- calculated 
of trichloracetate Elapsed of CO2 of base of Cl- (in millimoles) 
Exp. No. in millimoles time produced produced produced (see text) 

5-62 13.4 0.90 hr 0.6719 0.6785 0.046+0.01 0.048 
3-56 5.35 4.0 hr 1.231 1.242 0.081+0.01 0.089 
6-66 2.68 12.0 hr 1.428 1.325 0.174+0.01 0.190 
7-72 2.68 24.2 hr 2.017 1.611 0.462+0.01 0.463 
4-71 2.68 136.1 hr 2.480 1.590 0.863 


1.031+0.01 
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TABLE II. Isotopic composition of COz samples from the decom- 
position of sodium trichloracetate solutions. T=70.4°C. 











Ex- 
pected 
error in 
Sample k3/ki—1 
No. f Nz X104 k3/ki—1 (%) 
5-62 0.05416 127.07+0.02 —0.0305 1.1 
3-56 0.2481 127.3340.05 —0.0327 2.1 
6-66 0.5755 128.12+0.03 —0.0327 2.0 
7-72 0.8130 129.07+0.03 —0.0328 4.2 
4-71 0.9999  130.63+0.02 — 
Accepted value —0.0327=+ .0007 
Tank COz 130.13+0.01 








HCO;-. This would not be the case if the chloride came 
exclusively from the chloroform, the hydrolysis of 
which is slow. Rather, it shows that the chloride comes 
exclusively from the trichloracetate up to 25 percent 
reaction. It is noteworthy that the chloride which 
comes from the trichloracetate is accompanied neither 
by H* nor OH-. 

A possible reaction to explain the production of 
chloride ion from trichloracetate ion without change in 
PH is given by Eq. (3): 





Cl,C— CO.- »C1LC C=0+CI. (3) 


The lactone formed in Eq. (3) may react with trichlor- 
acetate ion to form a six-membered ring. 

It is possible to account for all of the experimental 
results in Table I, except the production of chloride ion 
in experiment 4-71, by the assumption that the de- 
composing trichloracetate which does not give CO, 
gives Cl-, and that Cl- is also produced by hydrolysis 
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Fic. 3. C isotope effect on the rate of decomposition of tri- 
chloracetate ion © ; plot of the amount of decarboxylation versus 
time @. 
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of the chloroform. The respective amounts of chloride 
produced by each of these reactions can be calculated 
from the yield of CO2 in experiment 4-71 and the 
difference between the amounts of CO, and OH™ pro- 
duced in any experiment. The amount of chloride 
calculated in this way is in good agreement with experi- 
ments up to 80 percent decomposition. The discrepancy 
between the calculated and found amounts of chloride 
in experiment 4-71 may be due to a further change in 
~H of the solution by means of some hydrolysis of the 
lactone of Eq. (3) or a condensation product of it. There 
is also the possibility that the lactone loses chloride 
slowly by hydrolysis in basic solution. 

We have carried out some additional exploratory 
experiments on the effect of oxygen and hydroxide ion 
on the rate of production of chloride in solutions of 
sodium trichloracetate. Air has no effect on this rate in 
solutions of sodium trichloracetate but doubles it in 
solutions of chloroform in water buffered by sodium 
bicarbonate. Alkali increases the rate of chloride 
production in sodium trichloracetate solutions. Just 
how much of this increase is due to an increase in the 
rate of hydrolysis of chloroform has not yet been 
established. 

While our studies on the nature of the side reaction 
which produces chloride in the decomposition of 
sodium trichloracetate solutions are incomplete, they 
suffice for our measurement of the relative rates of 
decomposition of 1-C” and 1-C® trichloracetate ions. 
The side reaction occurs to a small extent and has little, 
if any, effect on the isotopic composition of the car- 
boxyl group. The only complication which it intro- 
duces is in the calculation of the amount of reaction. 
Since the amounts of CO, produced as a function of 
time have been measured, the amount of reaction which 
has occurred up to the time ¢ can be calculated from the 
ratio (COz),/(CO2).«. 

The method of treatment of the experimental data 
on the isotopic composition of the CO, formed in the 
decomposition reaction is analogous to the one de- 
scribed in the proceding paper.' The resolution correc- 
tion of the mass spectrometer was somewhat larger in 
these measurements than in the preceding ones.! The 
total correction of the C"O2/C"O, ratio for resolution 
and O'” is —10.67X10~ in these experiments. The 
results of the analyses and the deviation of the ratio 
of the rate constants from unity are given in Table II. 

Since sample 4-71 is one from which the reaction 
went 99.99 percent to completion, the analysis of this 
sample was used to determine the composition of the 
CO, at complete reaction. Each of the other samples 
was intercompared directly with a sample of this gas. 

The symbols &; and &; refer to the reactions written 
in Eqs. (4) and (5), respectively: 


H,O+Cl;C2—C”0,-———> CP HC1;+- HC”0;, (4) 
H,0+Cl;C®— C0, ———>C®HCI;+HC#0;-. (5) 
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A plot of the data in Table II as well as one of the 
amount of reaction as a function of time are given in 
Fig. 3. The isotope fractionation data and the first 
order plot of the reaction rate data fall on good straight 
lines through the origin. The half-time for the disap- 
pearance of trichloracetate as determined from this 
plot is 10.0 hours, and the corresponding rate constant 
is 1.93X10-5 sec. The rate constants for the CO, 
reaction (Eq. 1) and the chloride reaction (Eq. 3) are 
1.79X10-* sec? and 0.14X10-* sec, respectively. 
Interpolation of Verhoek’s data? gives 1.95 10° sec“ 
for the over-all rate constant. 


DISCUSSION 


In connection with the malonic acid work, it is sig- 
nificant to note that the ratio of C'¥/C®” in the carboxyl 
group of trichloracetic acid is but 0.4 percent greater 
than the C8/C® ratio of ordinary CO2. Malonic acid is 
usually synthesized from monochloracetic acid and 
cyanide. The conversion of monochloracetic acid to the 
trichloro acid should involve little fractionation of the 
carboxyl-carbon even if the reaction proceeds in low 
yield. Therefore, we may assume that mono- and tri- 
chloracetic acids derived from the same source of a C2 
carbon chain will have the same isotopic composition 
in the carboxyl group. If cyanide is formed from natural 
carbon sources in high yield and the subsequent malonic 
acid is also formed in high yield, one would expect 
synthetic malonic acid to have a C¥/C® ratio in the 
carboxyl groups very close to that of ordinary COQ:. 
This is in agreement with the experimental results of 
Lindsay, Bourns, and Thode.® 

The significance of the ratio k,/k3 found in the pres- 
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Fic. 4. Expected errors in the determination of the effect of 
isotopic substitution on the rate of a chemical reaction. The curve 
is calculated for a value of k’/k—1 of —0.10, a precision of 0.1 
percent in ratio of the isotopic composition of two samples, and 
an error in the chemical determination of the amount of reaction 
of 0.5 percent. 


ent work is discussed together with similar ratios in the 
decarboxylation of other acids in the preceding paper. 

It is appropriate at this point to consider some of the 
errors which arise in the mass spectrometric determina- 
tion of such ratios and to compare the precision of the 
mass spectrometric method with the one using C“ and 
beta-counters. The significant quantity which is of 
interest is the deviation of the ratio of the rate constants 
from unity. If the isotopic substitution is for an atom 
whose position is unique in the molecule, as in the 
present case, and the effect of this substitution on the 
rate of a reaction is studied, then the deviation of the 
ratio of the rate constants from unity can be expressed 
in terms of the isotopic composition of the product 
accumulated up to any fraction of reaction by Eq. (5) 
of the preceding paper. The fractional error in the 
deviation of the ratio of the rate constant from unity 
is given to a good approximation by the relation 





[(k'/k)—1] © 


where the symbol 6 refers to an error, k’ refers to the 
rate constant for a reaction of a molecule isotopically 
substituted, and the other symbols are the ones used 
in the preceding paper. 

The error in the determination of the amount of 
reaction can usually be made sufficiently small such 
that most of the error in k’/k—1 arises from the isotopic 
analyses. In Fig. 4 there is plotted a curve of the ex- 
pected error in (k’/k—1) for the case where the ratio 
of the isotopic compositions of two samples can be 
determined to 0.1 percent; the error in the amount of 
reaction is 0.5 percent, and (k’/k—1) is —0.10. The 
curve rises so steeply above 90 percent reaction that it 
is impossible to include that portion of the curve on a 
graph of reasonable size. 

In analyzing the results of this experiment, we have 
weighted the individual determinations in accord with 


* Lindsay, Bourns, and Thode, Can. J. Chem. 29, 192 (1951). 


Inf1+(N 20—N2/N 0) f/(i—f) ] 
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the expected error. We find that the result of experi- 
ment 5-62 deviates from the weighted average of the 
other experiments by six times the expected error. 
Therefore, we feel that the best value for k3/ki—1 can 
be obtained by neglecting this experiment. The other 
experiments lead to an accepted value of (k3/k,—1) of 
—0.0327+0.0007, or ki/k3=1.0338+0.0007. 

If the present experiments had been carried out with 
trichloracetate-1-C", we would expect to find (k’/k—1) 
equal to —0.065. We may estimate the error to be 
expected in this value from errors in the determination 
of the ratio of the specific activities of two nearly 
identical samples. Some of the most precise work on 
the determination of the specific activities of C" 
samples has been done in connection with the deter- 
minations of the half-life of C'*.” Inspection of the re- 
producibility of the specific activity determinations in 


7 Engelkemeier, Hamill, Inghram, and Libby, Phys. Rev. 75, 
1825 (1949). 
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some of this work leads one to expect a precision of 
about 2 percent in the ratio of the specific activity of 
two samples. This would lead to an error of the order of 
30 percent in (k’/k—1), whereas in the present experi- 
ments the error in the similar quantity is of the order 
of 2 percent. It is evident that with the mass spectro- 
metric method one can expect to obtain a precision of 
one order of magnitude better, in experiments of the 
type considered, than with counting techniques with 
C. If the fractionation factor for C“ in some reaction 
drops much below the value expected for the decom- 
position of trichloracetate ion, the technique of using 
C™ and counting procedures for such an investigation 
can give a qualitative answer at best. 

It is also important to consider the effects of im- 
purities in both the mass spectrometric and counting 
methods. Impurities can play a serious role in both 
methods because the fractionation factors for the iso- 
topes of all the elements except hydrogen are small.® 
In working with C® of natural abundance, an impurity 
of mass 45 present to the extent of 1 percent in one 
sample of CO, can give a 100 percent error in the frac- 


8 J. Bigeleisen, Science 110, 14 (1949). 
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tionation factor. Fortunately, the mass spectrometer 
itself provides a method of detecting impurities present 
to such a small extent and capable of producing such 
large errors. A mass spectrum of the gas to be analyzed 
will detect such impurities. Other checks are afforded 
by measurement of the O'* content of the same sample. 
Kamen? has discussed some aspects of the effects of 
impurities in the use of radioactive isotopes. In addi- 
tion to the points stressed by Kamen about decon- 
tamination of samples from other radioactive com- 
pounds, experiments which are designed to measure the 
specific activity of a sample of a certain compound are 
valid only if other inactive substances are absent. In 
many reactions of organic compounds the latter is not 
easily achieved. 

For the reasons stated above, we have restricted 
ourselves, at present, in the investigations of the 
effect of isotopic substitution on the rates of chemical 
reactions to the mass spectrometric method. 

We wish to thank Mr. A. P. Irsa for carrying out the 
mass spectrometer analyses. 


9M. D. Kamen, U. S. Naval Med. Bull. Supplement, 115 
(1948). 
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Substituted Stilbenes. I. Absorption Spectra* 
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The absorption spectra of five pairs of cis-trans isomers of substituted stilbenes have been measured. The 
spectra of the geometrical isomers of p-amino p’-nitro stilbene hydrochloride are compared with those ob- 


tained by previous work. 





N the course of other work,! a number of pairs of 

cis-trans isomers of para-substituted stilbenes were 
prepared and their absorption spectra measured. The 
compounds studied were p-methoxy stilbene, p-methoxy 
p’-nitro stilbene, and p-amino #’-nitro stilbene. In 
addition, the spectra of stilbene and p-nitro stilbene 
were redetermined for pusposes of comparison. Pre- 
vious work?“ on stilbene spectra has, with a few excep- 
tions, been confined to the érans isomers. 


EXPERIMENTAL 
Materials 
Trans-Stilbene 


A pure sample of this compound (mp 124°) was re- 
crystallized twice from chloroform and the crystals 
vacuum dried, mp 124.5-124.8°. 


Trans-p-M ethoxy Stilbene 


A sample of this compound prepared by Mr. C. E. 
Kitto was given two crystallizations from absolute 
ethanol, mp 134.9-135.2°. 


Trans-p-Nitro Stilbene 


This compound was prepared by the method of 
Pfeiffer and Sergiewskaja.” Purification was accom- 
plished by means of chromatography on alumina using 
2:1 petroleum ether: benzene as developer, following the 
procedure of Zechmeister and McNeely.® The band was 
eluted with chloroform and the product recrystallized 
from cold eluate, mp 158°. 


Trans-p-M ethoxy p'-Nitro Stilbene 


P-nitro phenyl acetic acid and anisaldehyde were 
condensed in the presence of piperidine. The product 


* This paper is taken in part from a dissertation submitted by 
H. Ward Alter in partial fulfillment of the requirements for the 
Ph.D. degree in the Graduate School of the University of Cali- 
fornia, June 1948. 

t University of California Fellow in Chemistry, 1947-1948. 
Present address: Knolls Atomic Power Laboratory, General 
Electric Company, Schenectady, New York. 

1M. Calvin and H. W. Alter, J. Chem. Phys. (to be published). 
(19 M. Calvin and R. E. Buckles, J. Am. Chem. Soc. 62, 3324 

940). 

939 Kuhn, and Smakula, Z. physik Chem. B29, 384 
5). 

4 FE. Hertel and H. Luhrmann, Z. physik Chem. B44, 261 (1939). 

5 Lewis, Magel, and Lipkin, J. Am. Chem. Soc. 62, 2976 (1940). 

6 U. V. Solmssen, J. Am. Chem. Soc. 65, 2370 (1943). 

7P. Pfeiffer and S. Sergiewskaja, Ber. 44, 1109 (1911). 

8L. Zechmeister and W. H. McNeely, J. Am. Chem. Soc. 64, 
1919 (1942), 
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recrystallized from ethanol gave orange crystals, mp 
133.0-133.5°. When crystallized from benzene: petro- 
leum ether, the isomorphic form, greenish-yellow 
needles, was obtained. This modification showed the 
characteristic transition to the orange form at 100°, as 
described by Pfeiffer.® 


Trans-p-Amino p’-Nitro Stilbene 


A sample of this compound prepared by Buckles was 
further purified by chromatography on magnesium 
oxide with benzene developer and chloroform as eluant. 
Red crystals were obtained, mp 250.0-250.5°. 


Cis-Stilbene 


Ten grams of trans-stilbene were dissolved in 50 ml 
of benzene in a Pyrex flask and irradiated with a quartz 
mercury arc for 23 hours. Trans-stilbene was then pre- 
cipitated from solution by evaporation and addition of 
petroleum ether. The recovered trans isomer was re- 
dissolved in fresh benzene, again irradiated, and simi- 
larly separated from solution. The combined solutions 
containing the cis isomer were evaporated down to an 
oil which was placed on an activated alumina chromato- 
graphic column (2X15 cm) and developed with 100 ml 
petroleum ether. The bulk of the remaining érans 
and_ all the decomposition products were left on the 
column while the cis passed through. The solution con- 
taining the cis was evaporated to yield a colorless oil 
which was repeatedly molecularly distilled at 70° until 
the absorption spectrum remained constant. The prod- 
uct was a colorless liquid, mp?°= 1.6200, weighing 1.6 g 
Anal. Calc. for Cy4Hi2:C, 93.29; H, 6.71. Found: C, 
93.21; H, 6.65. 


-Cis-p-Methoxy Stilbene 


P-methoxy 1’-carboxy stilbene was catalytically 
decarboxylated by the procedure described by Ruggli 
and Staub.’ The crude oil was repeatedly molecularly 
distilled until the ultraviolet absorption spectrum 
showed no further change. Anal. Calc. for CisH,,0: C, 
85.7; H, 6.67. Found: C, 85.97, 86.25; H, 7.08, 7.12. 


Cis-p-Nitro Stilbene 


The method used was similar to that of Calvin and 
Buckles? except that benzene was used for the solvent 


9 P. Pfeiffer, Ber. 48, 1793 (1915). 
10 P. Ruggli and A. Staub, Helv. Chim. Acta 20, 43 (1937). 
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Fic. 1. Absorption spectra of stilbene (top) and 
p-methoxy stilbene (bottom). 


during irradiation of the ‘rans isomer and petroleum 
ether was added after irradiation to precipitate the bulk 
of the trans from solution. The supernate was chromato- 
grammed on alumina with 2: 1 petroleum ether: benzene. 
A clean separation was made between decomposition 
products, trans and cis. The cis band was eluted with 
chloroform and the product molecularly distilled to give 
yellow crystals, mp 62.0-62.5°. 


Cis-p-Methoxy p’ Nitro Stilbene 


Synthesis and purification were accomplished in the 
same manner as for cis p-nitro stilbene, mp 70.2-71.2°, 
Anal. Calc. for CysH1303N: C, 70.7; H, 5.13; N, 5.49. 
Found: C, 71.06; H, 5.24; N, 5.52. 


Cis-p-Amino p'-Nitro Stilbene 


Twenty-five ml benzene saturated with ‘rans-p-amino 
p’-nitro stilbene were irradiated with a quartz mercury 
arc for one hour. The solution was put on a 3X20-cm 
magnesium oxide column and developed with benzene. 
The pale yellow cis band passed through the column, 
while the bright orange fluorescing trans band and 
decomposition products were completely retained. The 
trans was removed and re-irradiated and the separation 
process repeated. The total cis obtained was 25.7-mg 
red crystals, mp 99.5-100.5°. Anal. Calc. for C14H1202N2: 
C, 70.00; H, 5.03. Found: C, 70.00; H, 5.00. 
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Spectra 


All spectra were taken with a Beckman Model DU 
Quartz Spectrophometer with the exception of those for 
p-amino ’-nitro stilbene for which a Cary Recording 
Spectrophotometer was used. Unless otherwise indi- 
cated, the solvent was absolute ethanol. 


RESULTS 


The spectra of the free stilbenes in ethanol are given 
in Figs. 1-4 and show both the usual relations of cis 
and trans spectra and the familiar effects of the sub- 
stituents on the spectra. As the interaction between the 
two ends of the molecule increases, there is a shift to 
longer wavelengths of the main absorption bands. The 
nitro group apparently washes out the evidences of 
vibrational structure found in both érans-stilbene and 
trans-p-methoxy stilbene. 

The effect of polarity of solvent on the spectrum of a 
highly polar molecule is illustrated in Fig. 3 which 
gives the spectra of p-amino p’-nitro stilbene in ethanol 
and benzene. Traces of ethanol also suffice to quench 
completely the normally strong yellow-green fluores- 
cence of trans-p-amino p’-nitro stilbene in benzene. The 
cis isomer does not fluoresce. 

Of special interest is the case previously studied? in 
which the interaction of the substituent groups in 
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Fic. 2. Absorption spectra of p-nitro stilbene (top) and 
p-methoxy #’-nitro stilbene (bottom). 





p-am 
in th 
in et 
these 
them 


hydr 
large 
This 
ina) 
of th 
enon 
spect 
acidi 








2 for 
ding 
ndi- 


iven 
' cis 
sub- 
the 
t to 
The 


and 































30 “sete ee oer Te ee ee SY Oe 
P-AMINO, P’-NITRO STILBENE | 
IN BENZENE 
Clg ----- 
20F trons — 4 
ss 
2 4 
“ 
~ 
10 4 
° ae aa 
DPE oT Tr rr rere TT. |) 
P-AMINO, P’-NITRO STILBENE 
(IN ETHANOL 7 
Cis ----- 
trons — 
20}- 4 
° a 
e 
. / \ 
: .: % 
f » 
oF H 4 
‘ ‘. 
di 
° Ee 
$20 500 450 400 350 300 250 046820 


d (mp) 


Fic. 3, Absorption spectrum of p-amino ’-nitro stilbene 
in benzene (top) and in ethanol (bottom). 


p-amino p’-nitro stilbene is almost completely destroyed 
in the amine hydrochloride. This is shown by the spectra 
in ethanolic hydrochloric acid (Fig. 4). Comparison of 
these spectra with those of free p-nitro stilbene shows 
them to be very similar, as expected. 

Earlier work? on trans-p-amino ’-nitro stilbene 
hydrochloride indicated that the spectrum varies to a 
large extent with the acid concentration in the ethanol. 
This was tentatively interpreted as being due to a shift 
in a rapid equilibrium between the geometrical isomers 
of the salt with acid concentration. That this phenom- 
enon is not due to a rapid equilibrium is shown by the 
spectra of both cis and frans salts at two different 
acidities (Fig. 4). The small differences between the two 
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Fic. 4. Absorption spectrum of p-amino ’-nitro stilbene hydro- 
chloride in 0.96 M hydrochloric acid in ethanol (top) and in 0.48 M 
hydrochloric acid in ethanol (bottom). 


spectra are probably due to differences in the degree of 
dissociation of the salts at the two acidities. 

The spectra of the photostationary states at two 
acidities for the hydrochlorides of cis- and ‘rans-p-amino 
p’-nitro stilbene are also shown in Fig. 4. These states 
were approached from both the cis and trans sides by 
illumination of the dilute solutions with a 200-watt 
tungsten bulb. The photostationary state shows an 
acid dependence; in 0.48 M hydrochloric acid it is at 
38 percent trans, while in 0.96X10~* M hydrochloric 
acid it is at 22 percent ‘rans. It seems reasonable to 
suggest that in the earlier work photostationary states 
or approaches to photostationary states were actually 
observed instead of a rapid thermal equilibrium. 
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The dependence of the rate of cis-trans isomerization on temperature has been determined for four para- 
substituted stilbenes. The rate parameters obtained are discussed relative to the theory of absolute reaction 


rates. 





ALVIN and Buckles! have considered the effect of 
para-substituents on the ease of rotation about the 
ethylenic double bond in the stilbene molecule. From a 
resonance standpoint, it was proposed that the energy 
barrier to cis-irans rotation in molecule such as p-amino 
p’-nitro stilbene should be much lower than that for 
stilbene itself (~40 kcal)?:* because of the high contribu- 
tion of the charge-separated resonance form in which the 
central carbon-carbon bond is single. Such an enhanced 
degree of single bondedness might be expected to de- 
crease the activation energy to such an extent that 
both geometrical isomers could not be separated at 
room temperature. Although the ‘rans form of this 
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Ph.D. degree in the Graduate School of the University of Cali- 
fornia, June 1948. 

t University of California Fellow in Chemistry, 1947-1948. 
Present address: Knolls Atomic Power Laboratory, General Elec- 
tric Company, Schenectady, New York. 

a o4n} Calvin and R. E. Buckles, J. Am. Chem. Soc. 62, 3324 

2G. B. Kistiakowsky and W. R. Smith, J. Am. Chem. Soc. 56, 
638 (1934). 

5 T. W. J. Taylor and A. R. Murray, J. Chem. Soc. 2078 (1938). 
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compound was prepared, attempts to synthesize the cis 
isomer failed. 

The present investigation is a continuation of the 
work of Calvin and Buckles. Cis-p-amino #’-nitro stil- 
bene has been prepared, and rate measurements made 
its cis-trans isomerization. Similar data have been ob- 
tained for p-methoxy stilbene, f-nitro stilbene, and 
p-methoxy #’-nitro stilbene. 


EXPERIMENTAL 
Materials 


Preparation of the stilbenes investigated is described 
in the preceeding paper of this series.* 


Rate Runs 


Rates of isomerization were determined in the pure 
liquid phase for all of the stilbenes with the exception of 
p-amino ’-nitro stilbene which was run in dilute solu- 
tion. Small samples (10-20 mg) of cis compounds were 
degassed and sealed in 30X1-mm Pyrex capillaries 
evacuated to 10-° mm Hg. 

Sample capillaries were placed in an oil bath thermo- 
state simultaneously, withdrawn individually at suit- 
able times, and inamediately cooled and washed in 
octane. A cleaned capillary was then weighed and 
crushed under ethanol in a volumetric flask to dissolve 
the contents. Appropriate aliquots were then taken for 
further dilution and final spectrophotometric analysis. 
The crushed glass was weighed and the sample weight 
determined by difference. 

Temperature regulation was accomplished by a 
Thyratron phase-shift circuit controlled by a copper 
resistance thermometer in the bath. Temperatures were 
measured by a 198-302° mercury-in-glass thermometer 
graduated in fifths of a degree. The exposed stem was 
maintained at a constant temperature and appropriate 
stem corrections applied. Maximum temperature fluc- 
tuations observed during runs were +0.05°. Although 
absolute temperatures may have been in error by +1°, 
temperature differences for the activation energy meas- 
urements were probably good to 0.2°. 

P-amino ’-nitro stilbene was run as a very dilute 
solution in a mixture of purified meta- and para-xylenes. 
Runs were made at the reflux temperature (138°) and 
at 97°. The reactor consisted of a two-neck 100-ml 


4M. Calvin and H. W. Alter, J. Chem. Phys. 19, 765 (1951). 
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flask with a reflux condenser. Samples were expelled 
during a run by nitrogen pressure. The entire reactor 
was covered with black photographic tape to exclude 
light. For the rate runs, a known volume of xylene was 
brought to temperature in the reactor. At zero time an 
aliquot of stilbene stock solution was added. Samples 
were taken at appropriate times, cooled with ice water, 
and held in darkness prior to analysis. 


Analytical 


The absorption spectra of these stilbenes have been 
described in the preceding paper of this series. The 
difference in extinction coefficient between cis and trans 
isomers is at a maximum in the region of the ‘rans 
peak. If 2n=log(Io/I)/cm, where Cm is the total stilbene 
concentration of a cis-trans mixture, then V,.= (2:—2Zm)/ 
(2,—Z.), where J, is the fraction cis in such a mixture, 
and 2, and 2; the extinction coefficients of cis and trans, 
respectively. Since (2,—,) is a constant, the first-order 
rate expression for the cis to trans reaction becomes 
din(2;—Zm)/dt= —k assuming a negligible back reac- 
tion. In practice, an arbitrary unit @,, proportional to 
(2:—2Zm) was used which was a function of the sample 
weight, dilution factor, and the optical density. The 
determination was ordinarily made at several different 
wavelengths. 

The principal error in such an analytical method is 
that decomposition products formed in the course of 
the isomerization may absorb in the analytical wave- 
length range and register as additional ‘rans in the 
sample. This effect is partially compensated for by the 
simultaneous loss in absorption of the stilbene decom- 
posed. A check on the extent of decomposition may be 
made by determining a trend in V,, with wavelength or 
inconstancy of absorption at the isosbestic point. These 
two criteria indicated only a minor error due to de- 
composition in the liquid phase runs; however, the 
p-amino ’-nitro stilbene measurements in xylene 
solution could not be extended to large degrees of 
isomerization because of serious decomposition at 
long times. 


RESULTS 


Rates of isomerization were measured for the reaction 
cis to trans. The kinetics are first order, and no evidence 
for a back reaction was obtained on up to 50 percent 
isomerization except in the case of p-amino p’-nitro 
stilbene. With the exception of this compound, first- 
order rate constants are calculated from the slopes of 
the least squares lines in plots of log a, vs time. Figures 
1 and 2 show graphically the quality of the data for one 
of the compounds. 


p-Methoxy Stilbene 


The extrapolated first-order lines do not intersect at 
the point for zero time, and this point is not included 
in the calculation of slopes. However, the intercept 
approaches the initial point as the temperature is 
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Fic. 2. p-methoxy p’-nitro stilbene. Temperature 
dependence of isomerization rate. 


raised. An explanation for this behaviour may lie in the 
possibility that the initial, rapid reaction is catalyzed 
by some impurity rapidly destroyed at these tempera- 
tures. The data are presented in Table I. 


p-Methoxy p’-Nitro Stilbene 


The results are shown in Table II. From combustion 
data, other workers’ give AH=—7.0+0.4 kcal/mole 
for the cis to trans reaction. If the assumption is made 
that AS is small, the equilibrium constant is of the order 

TABLE I. Rates of isomerization for cis-p-methoxy stilbene in 


the pure liquid phase. Analytical wavelengths: 325, 320, 315, 
310, and 305 mu. 











Temperature k X104 
(degrees A) (nat. log/sec) 
545.2 1.12 
561.5 2.93 
572.1 5.26 


k=1.7(10") exp(—35500+ 1000/RT) 








TABLE II. Rates of isomerization for cis-p-nitro stilbene in the 
pure liquid phase. Analytical wavelengths: 365, 360, 355, 350, 
and 345 mu. 











Temperature kX106 
(degrees A) (nat. log/sec) 
483.4 6.85 
504.1 32.3 
524.5 123 
545.5 384 


k=1.7(10") exp(—34000+ 1500/RT) 








5 Anderson, Cole, and Gilbert, J. Am. Chem. Soc. 72, 1263 
(1950). 















TABLE III. Rates of isomerization for cis-p-methoxy ’-nitro 
stilbene in the pure liquid phase. Analytical wavelengths : 400, 390, 


380, 370, and 360 mu. 
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TaBLe IV. Equilibria and rates of isomerization for p-amino 
p’-nitro stilbene in 10~* to 10-5 M solution in xylene. Analytical 
wavelengths: 415, 410, 405, 400, and 395 mu. 











Temperature k X105 
(degrees A) (nat. log/sec) 
483.3 1.33 
504.0 4.19 
524.8 12.5 
545.6 35.4 

566.5 113 


k=1.3(10*) exp(— 288002 1500/RT) 








of 10°. In agreement with this figure, the rates display 
no evidence for an appreciable back reaction. The zero 
time point was again not included in the calculation of 
slopes because of an apparent inhibition period which 
decreases with increasing temperature. 


p-Methoxy p’-Nitro Stilbene 


The results are shown in Table III from Figs. 1 and 2. 
Although considerable discoloration of samples was 
apparent at the more elevated temperatures, complete 
spectra showed that the colored decomposition products 
introduced only negligible error at the analytical wave- 
lengths. 


p-Amino p’-Nitro Stilbene 


This compound was run at lowconcentrations inxylene 
because only a limited amount was available. It was 
found that extensive decomposition took place even at 
the low temperatures used. Cis-trans equilibrium con- 
stants were determined from the rates of isomerization 
of pure /rans and pure cis, respectively, by use of the 
expression 


NicK?+ (Niet Nec— 1)K+ (Nee 1)=0, (1) 


where the equilibrium constant K=(trans)/(cis), Nec 
is the fraction cis in an initially pure ‘rans sample after 
a given time, and J, is the fraction cis in an initially 
pure cis sample after the same time. Equation (1) is 
easily derived by equating times in the ordinary expres- 
sions for the forward and reverse rates. The forward 
first-order rate constant for the reaction cis to trans 
is calculated from the usual relation 


k=(K/t(1+K)]In[K/N.(K+1)—1]. (2) 
The data are given in Table IV. 


DISCUSSION 


Magee, Shand, and Eyring® have treated cis-trans 
rotations by the theory of absolute reaction rates. 
From the available experimental evidence, they postu- 
lated two general paths for cis-irans isomerizations: 
(1) a rotation involving no change in multiplicity of the 
electronic state of the molecule and (2) a rotation in 
which the molecule goes through a triplet state accord- 
ing to the familiar model proposed by Olson.’ The first 


® Magee, Shand, and Eyring, J. Am. Chem. Soc. 63, 677 (1941). 
7A. R. Olson, J. Chem. Phys. 1, 418 (1933). 





Tempera- kX105 
ture Time (nat. 
(degrees A) (sec) Nee Ne K log/sec) 
370 21600 0.88 0.015 8.2 0.62 
370 68400 0.54 0.048 9.5 0.94 
370 Average 8.9 0.78 
411 1860 0.87 0.12 1.2 8.2 
411 3600 0.79 0.23 0.9 7.7 
411 Average 1.1 8.0 
k=10 exp(—17100+2500/RT) 








path is characterized by high probability (10"/sec), 
while the change in multiplicity for the second path 
involves low probability. The frequency factor for the 
second path has been calculated by Magee, Shand, and 
Eyring to be about 10°, and this also approximates the 
lowest observed frequency factor values.”:* Stilbene 
itself? is a compound which typifies the first, adiabatic 
path, having an activation energy of 42.8 kcal and a 
frequency factor of 6X10”. 

The frequency factors in the present study do not go 
below 10° and fall between the two extremes of 10° and 
10". A reasonable explanation may be that p-nitro 
p’-amino stilbene is isomerizing by the triplet path 
exclusively, while the other compounds may rotate by 
both available paths. We may write for such a rate 


k= 108 exp(—E,/RT)+10" exp(—E,./RT), (3) 


where E, and E, are the activation energies for the 
triplet path and the adiabatic path, respectively. If 
this rate constant is studied over a limited temperature 
range, a plot of log k& vs 1/T may appear linear within 
experimental error even though Eq. (3) implies a curva- 
ture upward. It is, in fact, possible to show that Eq. (3) 
reproduces within experimental error the data given in 
the preceding section if certain values of E; and E, are 
selected for a given compound. The requirement is that 
the substituents lower E; without much effect on &,. 
Although this relationship is certainly possible, it seems 
improbable. 

It is a consequence of this hypothesis that there will 
be a temperature range within which the rate param- 
eters will be temperature dependent. Limiting values 
for the triplet and singlet paths may be obtained only 
at very low or high temperatures, respectively. Meas- 
urements over a more extended temperature range 
than that studied here are necessary to fully define 
the system. 


SUMMARY 


The dependence of the rate of cis-trans isomerization 
on temperature has been determined for four para- 
substituted stilbenes. The rate parameters obtained 
are discussed relative to the theory of absolute reaction 
rates. 


8G. B. Kistiakowsky and M. Nelles, J. Am. Chem. Soc. 54, 
2208 (1932). 
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The Effects of Added Chlorides on the Absorption Spectra of 
Cobaltous Chloride in Water and in Formamide 


Lyte R. DAWSON AND JULIAN H. CHAUDET 
Department of Chemistry, University of Kentucky, Lexington, Kentucky 


(Received January 5, 1951) 


It has been shown that alkali and alkaline earth chlorides widen, intensify, and shift the absorption bands 
in the spectrum of cobalt chloride in water and in formamide. These effects appear to be directly related to 
the solvating power of the added cation. An interpretation of the observed phenomena has been presented 
on the basis of desolvation of the cobalt ion followed by interaction with chloride ions within the solution. 
In addition, probable mechanisms for the formation of the chloride complex and the resultant changes 
in the color characteristics of the solution have been suggested. Reversals of the expected order of the 
effects of sodium and potassium salts in water and of calcium and strontium salts in formamide have been 


shown. 





HE color transition from red to blue of both 

aqueous and nonaqueous cobalt chloride solutions 
with the addition of such chloride salts as strontium 
chloride, calcium chloride, aluminum chloride, etc., is 
well known. Several investigators'* have attributed 
the formation of the blue solution from the red to a 
decrease in solvation of the cobalt chloride. Others*® 
have shown the existence of a cobalt chloride complex of 
the form CoCl;- or CoCl,= in the blue solution. 

Pearce and Dawson’ examined spectrographically 
the effects of various alkali and alkaline earth chlorides, 
as well as hydrogen chloride, on the absorption spectra 
of aqueous cobalt chloride solutions. They noted that 
the widening of the absorption band for a constant 
cobalt chloride and added chloride salt concentration 
was directly related to the hydrating power of the 
cation of the salt. They concluded that the color 
transition of the solution is the result of the initial 
removal of water molecules from the cobalt ion, the 
electrostatic attraction of chloride ions by the cobalt, 
and the perturbing of the electronic system of the cobalt 
ion by the electronegative chloride ions. Such a per- 
turbation results in the absorption of smaller quanta of 
energy by the cobalt ion so that there is a shift in ab- 
sorption from the green to the yellow-red portion of the 
spectrum ; i.e., the red solution becomes blue. 

The present work was undertaken with the objective 
of examining spectrophotometrically the solutions orig- 
inally studied spectrographically by Pearce and Daw- 
son. In addition, it was desired to compare the spectra 
in water and in formamide where the absorption is 
much more intense and to study the effects of added 
salts on solutions in the latter solvent. It was expected 
that the intensification would lend itself to distinguish- 
ing the effects produced by the various added salts. 


1H. C. Jones and H. S. Uhler, Am. Chem. J. 37, 238 (1907). 

2 A. Hantzsch, Z. anorg. u. allgem. Chem. 159, 285 (1927). 

3R. A. Robinson and J. B. Brown, Trans. Proc. Roy. Soc. 
New Zealand 77, 1 (1948). 

‘F. G. Donnan and H. J. Bassett, J. Chem. Soc. 954 (1902). 

5L. I. Katzin and E. Gebert, USAEC Bull. AECU-500 
(UAC-124). 

6 OQ. R. Howell and A. Jackson, J. Chem. Soc. 979, (1937). 

7J. N. Pearce and L. R. Dawson, J. Chem. Phys. 6, 130 (1938). 
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EXPERIMENTAL 


The spectra were determined by means of a Beck- 
mann Model DU quartz spectrophotometer, over the 
spectral range 470-730 my, with the slit set at 0.04 mm. 
The cell holder was thermostated at a temperature of 
30+0.3°C. Corex cells fitted with ground glass stoppers 
or special caps contained the solutions. An appropriate 
blank of the particular added chloride ’'salt in the proper 
solvent was used as a reference for each absorption 
determination. Owing to the possibility of decomposi- 
tion, all spectra were determined as quickly as possible 
after the preparation of the solutions. 

Anhydrous cobalt chloride was prepared by dehydra- 
tion of cp cobalt chloride hexahydrate in an Abder- 
halden apparatus under reduced pressure. The reflux 
charge was aniline. A. R. calcium chloride dihydrate 
and cp strontium chloride hexahydrate were de- 
hydrated in like manner. The alkali chlorides and am- 
monium chloride were purified by repeated recrystalliza- 
tion from distilled water. 

All solutions were prepared on the molar basis. 
Conductivity water having a specific conductance of 
3X10-* ohm™ cm at 20°C was used for the aqueous 
solutions. The formamide solutions were prepared with 
solvent obtained from commercial formamide by drying 
with calcium oxide, refluxing under reduced pressure, 
and twice distilling under reduced pressure in the tem- 
perature range 52°-60°C. The specific conductance of 
the purified formamide was 3X10-> ohm™ cm at 
20°C. All hygroscopic salts and formamide were 
handled in a dry box containing Drierite as a desiccant. 


RESULTS 


The transmission spectra of aqueous cobalt chloride— 
added chloride solutions at a constant molar concentra- 
tion of total salt are shown in Figs. 1a and 1b. The spec- 
tra of the cobalt chloride—sodium chloride and the 
cobalt chloride—potassium chloride solutions were 
omitted from Fig. 1a because of their proximity to those 
of the other alkali chlorides. They are included in Fig. 
ib. 

The solution containing cobalt chloride alone shows 
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Fic. 1a. Absorp’ion spectra of 0.186M CoCl.+3.00M 
added chloride salt in water. 


an absorption maximum at 512 my, while the solutions 
of cobalt chloride—alkali chlorides or ammonium chlo- 
ride all give a maximum around 516 mu. The corre- 
sponding maximum for the cobalt chloride—calcium 
chloride solution is at about 524 mu. A progressive 
shift in the absorption band to slightly longer wave- 
lengths has occurred. 

Each of these added salts produces increased absorp- 
tion over the spectral range and a consequent widening 
of the absorption band. Differentiation in the effects of 
the added salts appear and is particularly noticeable 
at the longer wavelengths. As may be seen from Figs. la 
and 1b, the following order for the absorption intensi- 
fication by the added chloride exists: calcium> lithium 
> potassium > sodium> ammonium. 

No appreciable blue coloration was observed in the 
cobalt chloride—alkali or ammonium chloride solutions. 
However, the cobalt chloride—calcium chloride solution 
was definitely blue, its spectra showing absorption 
peaks at 610, 625, 640, 660, 665, and 690 mu. 

The transmission spectra for cobalt chloride—added 
chloride salt solutions in formamide are shown in Fig. 2. 
All solutions contained equimolar total salt concentra- 
tions. Cobalt chloride alone has an absorption maximum 
at 524 mu. The addition of chloride salts to the cobalt 
chloride solution produces, as in the case of the water 
solutions, a shift in this maximum. The alkali chlorides 
give a maximum at about 528 my, and the calcium or 
strontium chloride at about 530 mu. 

All salts intensify the cobalt chloride absorption at 
the higher wavelengths, the effect being most pro- 
nounced for calcium and strontium chlorides. There 
appeared to be no differentiation in the absorption 
effects produced by the individual alkali chlorides or 
ammonium chloride in formamide. These salt solutions 
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Fic. 1b. Absorption spectra of 0.186M CoCl2.+3.00M 
added chloride salt in water. 


gave transmission values that corresponded to within 
0.2 percent over the spectral range examined. 

The calcium and strontium chloride—cobalt chloride 
solutions do show a differentiation in absorption in- 
tensification, the strontium chloride giving the greater 
effect. Both solutions are characterized by absorption 
peaks at 630 and 665 my. William,® working in this 
laboratory, has obtained evidence that these peaks are 
due to absorption by the CoCls" ion. 


DISCUSSION 


From Figs. 1a and 1b the widening, the shift, and the 
intensification of the absorption bands for aqueous 
cobalt chloride—added chloride salt solutions appear 
to be directly related to the hydrating power of the 
added cation as reported by Pearce and Dawson.’ 
However, it is to be noted that the sodium and potas- 
sium ions are reversed in this respect, the transmission 
spectrum of the cobalt chloride—sodium chloride solu- 
tion lying above that of the cobalt chloride—potassium 
chloride solution. 

Relative to the nature of the absorption by the red 
and blue forms of cobalt chloride, various theories have 
been presented. Mathieu’ has stated that the large 
absorption band of cobalt solutions is related to the 
energy absorption by the electrons of coordination be- 
tween the cobalt ion and coordinated groups wherein 
electronic and vibrational effects are most prominent. 

Brode” and Brode and Morton" in working with the 
cobalt halides in their respective halogen acids showed 
that the absorption spectrum of the cobalt halide solu- 
tion shifted to higher wavelengths as the weight of the 
halogen substituent increased. This phenomenon ac- 
cording to these investigators is in general agreement 
with the principle of decreased vibrational frequencies 
resulting from an increase in weight of the vibrating 
body. 

8F. V. Williams, thesis, University of Kentucky, Lexington, 
Kentucky (1949), p. 29. 

9 J. P. Mathieu, Bull. Soc. chim. France 3, 475 (1936). 
man: R. Brode, Proc. Roy. Soc. (London) 118A, 286-295 


11 W. R. Brode and R. A. Morton Proc. Roy. Soc. (London) 
120A, 21-33 (1928). 
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In the case of the cobalt chloride solution, light ab- 
sorption must be due to certain discrete electronic and 
vibrational transitions. In the red cobalt chloride solu- 
tion, the water molecules in the immediate vicinity of 
the cobalt ion probably form with the ion such an 
absorbing system, the absorption being, no doubt, 
influenced by the environmental conditions existing 
within the solution. 

If a chloride salt such as lithium chloride be added to 
the aqueous cobalt chloride solution, the lithium ion 
could, through hydration, remove water molecules 
from the immediate vicinity of the cobalt ion. Chloride 
ions could then be drawn in electrostatically towards the 
cobalt ion, their closeness of approach being determined 
by the relative amounts of water removed from the 
vicinity of the cobalt ion. The highly electronegative 
chloride ions would then be in a position to influence to 
a greater extent the electronic and vibrational changes 
within the cobalt-water absorbing system. The elec- 
tronic and vibrational quanta could be reduced under 
this interaction so that the maximum absorption corre- 
sponding to the red cobalt chloride solution would be 
shifted to slightly higher wavelengths. Also, it does not 
appear unreasonable that there would be an increase in 
the absorption at all wavelengths resulting in a band 
widening and an intensification of the maximum. The 
existence of these phenomena has been noted in Fig. 1. 

Whether the chloride ion actually becomes an in- 
tegral part of the green absorbing system would depend 
upon its relative position with respect to the cobalt 
ion. Where only a small concentration of a dehydrating 
cation such as the lithium ion is present, and hence, 
where the number of water molecules about the cobalt 
ion is only slightly reduced, the chloride ions probably 
would not be so integrated. This is the condition exist- 
ing where either the cobalt chloride solution contains 
only a small concentration of the added chloride or the 
hydrating power of the cation of the added salt is small. 

In solutions containing greater concentrations of the 
chloride salt, dehydration of the cobalt ion may be so 
extensive as to permit the very close approach of 
chloride ions; so close, that the grouping of chloride 
ions around the cobalt would comprise an absorbing 
system entirely different from the red hydrated cobalt 
ion. It is this cobalt and chloride system that may 
constitute the blue complex, CoCl;- or CoCL-. 

It has been shown®” that the blue cobalt chloride 
solution in a variety of organic solvents wherein the 
same complex was present in each solvent gave absorp- 
tion bands which were in approximately the same posi- 
tion as those for aqueous cobalt chloride in hydro- 
chloric acid. These results suggest that the absorption 
by the blue complex is independent of the nature of its 
solvent environment. From the standpoint of the de- 
hydration process involved in the formation of the com- 
plex, one must conclude that all solvent molecules are 


2 R. Mackwalter and S. J. Barrett, J. Chem. Soc. 523 (1934). 


removed from close contact with the cobalt ion with 
their places being occupied by three or four chloride ions. 

The same reasoning might be applied to formamide 
solutions as was used with aqueous solutions in in- 
terpreting the shift of the absorption band, intensifica- 
tion of absorption, and the formation of the blue com- 
plex with the addition of chloride salts. The removal of 
formamide molecules from the vicinity of the cobalt 
ion by a solvating cation could account for these 
phenomena. 

As noted above, the alkali chlorides or ammonium 
chloride gave no differentiation in their effects upon the 
transmission spectra of CoCl: in formamide. Unpub- 
lished conductimetric work by McCreary® on uni- 
univalent electrolytes in formamide has shown the 
apparent “leveling effect” of this solvent. The solvated 
ions in solution have their individual characteristics 
masked by the large associated groupings of formamide 
molecules so that there exists no definite distinction in 
ionic properties. This “leveling effect,” although mask- 
ing the individual effects of uni-univalent electrolytes 
on the transmission spectra of CoCls, is evidently not 
great enough to conceal the difference in the change of 
the absorption with the addition of calcium chloride and 
strontium chloride, as may be seen from Fig. 2. In this 
connection it must be remarked that strontium chloride 
and calcium chloride exhibit anomalous behavior with 
respect to the intensification of the absorption. One 
might expect that since the calcium ion has a greater 
hydrating power than the strontium ion, the relative 
solvating power in formamide of these two ions would 
be, in general, the same as in water with the result that 
the former would produce the greater absorption. This 
condition, as well as the reversal of the effects of sodium 
and potassium salts in water, may be due to the relative 
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Fic. 2. Absorption spectra of 0.0268M CoCl.+0.268M 
added chloride salt in formamide. 








18 W. J. McCreary, thesis, University of Kentucky, Lexington, 
Kentucky (1948), p. 29. 












774 J. G. KIRKWOOD AND F. P. BUFF 









acidities of the cations, in the Lewis sense, which in with the principles outlined previously. The heavier and 
turn influences the activity of the chloride ions. foramide molecules associated with the cobalt ion 
The shift and intensification of the cobalt chloride should, according to Brode and Morton’s work," reduce 
absorption curve in passing from water to formamide, the vibrational quanta and produce a shift to higher 
as may be seen by comparing Figs. 1 and 2, isin accord wavelengths. 
] 
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The Statistical Mechanical Theory of Solutions. I defin 
' 
Joun G. Kirkwoop AND FRANK P. BurFr* 
Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, Californiat 
(Received March 26, 1951) 
A general statistical mechanical theory of solutions is developed with the aid of the theory of composition 
fluctuations in the grand canonical ensemble. It is shown that the derivatives of the chemical potentials 
and osmotic pressure with respect to concentrations, the partial molar volumes, and compressibility may be 
expressed in terms of integrals of the radial distribution functions of the several types of molecular pairs wher 
present in the solution. Explicit coefficients of a q-fraction expansion of the thermodynamic variables are zero | 
presented in a detailed treatment of the two-component system. the < 
space 
I of composition fluctuations in the grand ensemble. The 
HIS paper will be concerned with the development Tesults rs wi ——— to — aed 
of a general statistical mechanical theory of Portant thermody rye boing one . eg i eT oe 
solutions which is applicable to all types of intermolecu- °Y ar ella sig eiienagyaaicee Pilagueter emer neagsager es 
: : : : : functions. The theory provides an alternative to the num| 
lar interaction and is valid both classically and quantum ae : : h 
. : familiar charging process encountered in electrolyte phase 
mechanically. The theory of the grand canonical en- “i : distri 
ble j al aoe i <i: poe . theory, while in the absence of long-range intermolecu- ist] 
7 a = oye a ane aan ' “seg a - yp lar forces, expansions of the excess chemical potentials, semb 
Gon uctuations to derivatives of the chemical po- partial molar volumes and compressibility in terms of 
tentials of the components and ng the other hand to the g-fractions of the solute components may be ob- 
relate them to integrals of the radial distribution func- tained. 
tions of the several types of molecular pairs present in In Part III of the article the two-component system where 
the solution. When the composition fluctuations are will be treated in detail. Here, anticipating the results molec 
themselves eliminated from these relations, expressions of a future publication, we present the dominant g-frac- molec 
for the derivatives of the chemical potentials and 0s- tion expansion coefficients of the thermodynamic terms 
motic pressure with respect to concentrations, the variables. nitud 
partial molar volumes, and compressibility are obtained Eqs. 
in terms of integrals of the radial distribution functions. II tegral 


For short-range intermolecular forces, these integrals 
may be developed in power series in the concentrations 
of the solutes, the coefficients of which involve distri- 
bution functions of sets ” of molecules at infinite dilu- 
tion in the solvent. The resulting expansion for the 
osmotic pressure is identical with that given earlier by 
McMillan! and Mayer in their valuable paper on solu- 
tion theory. 

In Part II of this article, following a discussion of 
notation and the definition of various molecular dis- 
tribution functions, we present a review of the theory 


* AEC Postdoctoral Fellow, 1949-1950. Present address: De- 
Og of Chemistry, University of Rochester, Rochester, 

ew York. 

t Contribution No. 1548. 

1W. G. McMillan, Jr., and J. E. Mayer, J. Chem. Phys. 13, 
276 (1945). 





We first wish to formulate the relations between 
average densities in systems of molecules and the 
fluctuations in density. We shall treat explicitly those 
relations involving the number density in the configura- 
tion space of molecular pairs. The results may be gen- 
eralized without difficulty to densities in the configura- 
tion space of sets of m molecules and fluctuations of 
higher order. We consider an open region of volume 2, 
which is a part of a system of infinite extent, and we 
select an example of the grand ensemble representing 
its statistical behavior, for which v contains exactly 
Ni,:::N, molecules of the v-species of the multi- 
component system. For specified configurations, Ria, 
of all of the molecules, the singlet density v_“)(R;) of 
species a at a point R; in v and the density vag” (Ri, R2) 


- of ordered pairs of molecules of species a8 at a point Ri 


f 
in 
iJ 
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and species 8 at R» are given by 


Na 
ve(Ri) = » Ok 6(Ri.—R;:), 


ig=l 


Na Np 
vas (Ri, R2)= SY 6(Ria—R)6(Reg—R2), 
tq=1 kg=1 
igtka 


where 6(Ri,— R;) is the three-dimensional Dirac delta- 
function. These densities possess by virtue of their 
definitions the following integrals, 


fe Rydn=No 
— (2) 
f f vap™ (Ri, Re)dvdv2= NaN g—N adag, 
where dag is the Kronecker delta, unity for a=8 and 


zero for ax B. We denote by pa (Ri) and pag” (Ri, Re) 
the average number densities in the singlet and pair 


spaces, 
Pa? (Ri) =(va™) av, 
pap” (Ri, Re) = (va), 


where the averages are understood to be taken over all 
numbers of molecules V,---N, and over the accessible 
phase space of each set of molecules with the probability 
distribution function, P, of the grand canonical en- 
semble, 


P=exp([Q+ >> Nata—H1...N,|/kT), 
a=l 


(3) 


(4) 


where a is the chemical potential of species a, per 
molecule, Hy,...N, is the hamiltonian of the set of 
molecules, V;---N,, and Q is equal to — pv to within 
terms of thermodynamically negligible order of mag- 
nitude. Calculation of the mean values of both sides of 
Eqs. (3) yields the following expressions for the in- 
tegrals of the mean densities, . 


i pa (Ry)d01=(Na)wy 


if f Pap™ (Ri, Re)dvdv2=(N aN )w— Sap N a); (5) 


f f { pap (Ri, Re) — pa“ (Ri) ps (Re) } doidv2 
=[(N aN p)aw—(N a) XN a)av ]— Sap(N a) wv. 


For a fluid system, liquid solution, or gas mixture, the 
mean densities have the form 


pa? (Ri) - (N a)w/V= Cay 
pap (Ri, Ro) =cacpgas(R), 
R= (R.— R)), 


(6) 
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where ¢q is bulk molecular concentration of species a, 
and gag®(R) is the radial distribution function of spe- 
cies a and 8, dependent only on the scalar distance R 
between the pair of type a8. With the use of Eq. (6), 
the last of Eq. (5) assumes the form 


N alV Av le Av N Av a 
J lee ee 
(N a)wXN p) av Ca 


where the integral extends over all relative coordinates 
of a pair of type af. These are the desired relations 
between the radial distribution functions and the 
density fluctuations, which form the basis of the 
present theory. It is to be remarked that although the 
integral extends only over the relative centers of mass 
of the molecules of the pair, it has not been assumed 
that they possess only translational degrees of freedom. 
The effect of hindered relative rotation for molecules 
possessing internal degrees of freedom is implicit in the 
radial distribution functions gag®(R), which is to be 
interpreted as the integral of a more general pair corre- 
lation function over all relative orientations of the pair. 
It is the task of a detailed molecular theory of the 
molecular distribution functions to determine the im- 
plicit influence of hindered rotation, which in many 
cases is of decisive importance on gag”. 

Next we recall that the composition fluctuations of a 
thermodynamically open system of volume v are 
directly related to thermodynamic variables by means 
of the Gibbs grand canonical ensemble.?~* The well- 
known relations are 


(NaN s)w—(N a)w(N )w=|A | ap/| A], 
| A| = | Aas| ; Aas= (1/RT)(Opa/ONg)T VN, 





(8) 


where |A|as symbolizes the cofactor of Aag in the 
determinant |A|, wa is the chemical potential, per 
molecule, of species a, T is the thermodynamic tem- 
perature, and & is Boltzmann’s constant. 

Elimination of the composition fluctuations from 
Eq. (8) immediately leads to expressions for useful 
thermodynamic variables. Upon taking the inverse 
of Eq. (8) we obtain for an infinite system, with the use 
of Eq. (7), 


(1/kT)(Opa/ON g)7,.V.Ny= | B| ap/v| Bi, 
Bas= CabaptCalpG ap, 


Gap= f [gage (R)—1]do. 


In order to obtain expressions for variables measured 
at the constant pressure p we employ the Gibbs-Duhem 


( 2H. C. Brinkman and J. J. Hermans, J. Chem. Phys. 17, 574 
1949). 
( Ne Kirkwood and R. J. Goldberg, J. Chem. Phys. 18, 54 
1950). 
4W. H. Stockmayer, J. Chem. Phys. 18, 58 (1950). 
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equation, 
f OMe 
> N -( ) =0 (10) 
o=l ONs/T,p,Ny 
and the mathematical relation 
(Ope/ONg)T,V.Ny= (Opa/ONg)T.p.Ny+ Dadp/ Kv, (1 1) 


where iq is the partial molar volume, per molecule, of 
species a and «x is the compressibility of the solution. 
Use of Eqs. (9), (10), and (11) leads after a straight- 
forward transformation to the desired expressions for 
the partial molar volumes, compressibility, and deriva- 
tives of the chemical potentials, 


(0/kT)(Opa/9N g)7,p.Ny= | A| ap/Caca| Al ; 


Qa, B=2, ony (12) 
Aas= (Sa¢/' Ca)+ (1/¢1)+GagtGu- Gia—Gig, 
Ba= Li cp|Blap/ Le Cacy| Bl py, (13) 
p=1 B,y=1 
ckT=|B|/ D0) cacg| Bl ap. (14) 
a,p=1 


The derivative of the osmotic pressure 7 of a solution, 
solvent 1 and solutes 2,--- may be calculated in a 
similar manner from Eq. (9) and the thermodynamic 





equation, 
Ou 
(Senna As nnn 
OCa4 T,u1, cy a Ca T Hy sCy 
with the result 
s ca| B’ | as 
(<= ) 06) 
Oa T oy Cy B=2 | B’| 


Bas’ = CaSdaptCalgGas. 


It will be noted that this expression does not contain 
explicitly solvent-solvent and solvent-solute interaction 
terms. 


III 


We shall now present a more detailed treatment of the 
two component system, solvent 1 and solute 2. In this 
case Eqs. (12), (13), (14), and (16) may be exhibited 
in the form 


1+ (Goo— G2) C2 
= (17) 





Cr+¢2+¢162(Gi1+Go2— Gu) 


C10; + Code = 1, 
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1+G1161+Go2202+ (Gi1G22—Giz)*e1€2 











chT = , (18) 
€1+¢2+ (Girt+Go22—2Gi2)c1¢2 

(Ox/0c2)T w= kT/(1+Go2c2), (19) 

1 /Ope 1 Gi2— Gre 

yn 5 aie 

kT OC C2 1+-¢2(G22—Gie) 

1 /Ou 1 Gu—-Gu 

Ye) cnet, 

kT 0c1 Tp (C4 1+¢:(Gi1— Giz) 


1 /Ope2 1 €1(2Gi2— Gir— G22) 
—() -—+ , (22) 
RT\ Ox24 7.p = X2 14+€,%2(Git+Ge2.—2G 12) 





where x2=N,/(Ni+N:2), is the mole fraction of com- 
ponent a. 

The preceding relations are completely general, and 
it is of interest to remark that in electrolyte theory 
Eq. (20) provides an alternative to the usual charging 
process. For example, the well-known limiting law im- 
mediately follows when Gz» is calculated by means of 
the Debye-Huckel radial distribution function. In the 
absence of long-range intermolecular forces, the in- 
tegrals Gag may be developed in power series in cz the 
coefficients of which involve distribution functions of 
sets m of molecules at infinite dilution in the solvent. 
This development, which leads to the solution theory 
of McMillan and Mayer’ as a special case, constitutes a 
generalization of the methods of Part II and will be 
described in a forthcoming paper. In the remainder of 
this article these results will be anticipated, and we shall 
give the explicit expansion coefficients involving the 
cluster integrals of sets of 3 molecules. The following 
additional integrals are encountered: 


way (U/cacoen) {ff {00819 (Ry Re, Rs 


— pas (Ri, Re)p,“ (Rs) 
+ 2pa (Ri) pg (Re) py (Rs) 
— pay” (Ri, Re) ps (Rs) 
— pay” (Ri, Re) pa (Rs) } doidved;, 


(23) 


where pas is the mean density of ordered triplets 
which when expressed in terms of the generalized cor- 
relation functions of the centers of mass of the molecules 
simplify for a fluid system, 


Gorr= fff (2+8001 Ras Ri3)— gag (Riz) 


— Say” (Ris)—gay(Ros)}dviedv13, (24) 
Papy® =CalpCyS apy” 
It is found that the osmotic pressure 7 is given by 


3 = cokT {1—4G22°Co— 3(Goo2— 3Ga2)cz2+ +++}, (25) 
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where the superscript 0 denotes that the cluster in- 
tegrals are evaluated in the infinitely dilute solvent. 
Similar expansions in powers of cz may be obtained 
for the other variables, but in most applications it is 
more convenient to employ expansions in powers of 
the g2-fraction which is defined by the relation, 


q2= a2/(x1+ mx2), 


0,°= lim Ve= Dy9+Gy1)9—Go°. (26) 
c2=0 


m= d2"/d,°; 


The theory leads to the following expansions for the 
chemical potentials: 


wr=kT logget+u2*+u2(T, p), 


H2°= lim [u2— 
q2=0 


(27) 
kT logge |, 
wi=kT log(1—mq2)+ u1®+41°(T, p); 


where 
u2®/kT = a1g2+4292+ «-, 


M1” /RT = b1G2+ b2q2?+b3q2° +--+, 
and 


0;= (Gy2°— G22") /d1°, 
d= (301) [ 3G 122° + Gi11°— 3G 112° — Goo" 
+3(G22°— G12")? — (Gir°— G2")? 
+ (Gi1°— Giz") (G22°— Giz") 
+51°(Gir°+Go2°— 2G4»") ], 
b= (Gy1"— G42") /d1°, 
bo= (501) (Gir — Gio")? + 51°(Gir° + Go2°— 2G 12") J, 
bs= (301) | (Gir°— Gi2")®+- 01° 3 (Gir2"— Goa") 
+3(Gi1°— Gi2")?— 3(Go22°— G12")? +Goo0°— Gir}. 
Similarly, the partial molar volumes are given by 
Bo=d2+digat:--, 
b= 0;—3d192+---, 
2° = 0,°+Gy)"— Gy", 
d}= 2G 42° — G1)°— G22" 
+ (1/01) [2G 12°G22°+ 2G112° + Gui” 
—2G12"—G122"—Gi"— 


(31) 
(32) 


where 


Gir"G22° J. 
Finally, the compressibility is found to be 


kkT= RT +e192+ Mit, (33) 


where 
ekRT= 01°+Gu", 
€1= G32°—Gy1°+ (1/61) [Gir2°+Gir"— Gir" — G2” J. 


While mole fraction expansions are not as useful as the 
preceding expressions, for the sake of completeness we 
present the expansion for the chemical potential 


ba/RT =logayt+ foxe?+ faxb+-+++yy°/kT, (34) 
where 
fo=[Gir°+Ge2°— 2G 12" // 20)", 
fa= (301) 3Gi12° +3(Gir"— G2")? — Gir” 
— 3G221°— 3(Go22°— G12")? +Go20" 
+3(Gi2°— Gir") (G19 +Ge2°— 2G") ]. 
APPENDIX 


Equation (8) is readily derived from the grand partition func- 


tion, 
sc N), ri) 
kT 4 





o = > iL haa exp [- (M1: 
Ni++*Nv o= 


=0 
= pv/kT; Xe=exp(ua/kT), 


where A(N,---N,, Tyv) is the Helmholtz free energy of a member 
of the grand ensemble. Repeated differentiation of 2 with respect 
to the absolute activity \q leads to mean values of the composi- 
tion fluctuations: 


(Al) 


Nal OM’ /Arg)Tv,>y= (Nadav, 


hadg( PL /IraIAG)T’0,dy+Aa( IY /Pre)TvAySas 
- (NaN s)w— (Na)aviNp)av- 


Next by equating the mathematical identity, we obtain 


FLY ) L.£ [ ( =) 
= AA ——— 
(sian, T yw, Ny OT oa Xe " OrAgIX,p Tv, Ny 
0 a 
Fran, dA/T v,Ny bap ONo/Tv,.Ny ea Tv,Ny 


: 2 (*) (_ 2 ) 
kT o=l Xe OX TywNy ON2ONg Tw Ny 

to the result obtained by differentiating the Gibbs-Duhem equa- 
tion 
ae (sai 

ONaONp/T Ny \ONg/T Ny ont "\ONGAN5/T Ny 

We finally obtain er use of Eq. (A2) 

———[ (WN, oNV, ow (N, ow NV pv] 


(A2) 


(A3) 


* (A4) 


1 or { 260 
kT\ON@/Tv,Ny = 2 on 


OU 
=1, +++, 
x(S),. v, wv Aan Na! Tv,Ny’ a, B , v (A5) 


This set of equations is equivalent to the matrix equation, 
A=ABA, 
Aagp=Aga=(1/kT)(Opa/INg)T wNy, 
Bap _ Boo = (NoN p)w— (No) N p)av- 
with the solution, 


B=A"; Bap= |A lep/|A |. 
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Bromination of Hydrocarbons. IV. Photochemical and Thermal Bromination of 
Neopentane in the Gas Phase. The C—H Bond Strength in Neopentane 


Exus I. Hormats* AND Ervin R. VAN ARTSDALEN 
Department of Chemistry, Cornell University, Ithaca, New York 


(Received February 21, 1951) 


The homogeneous photochemical bromination of neopentane was studied in the temperature range 98° 
to 152°C and found to proceed through an atom and radical chain mechanism analogous to the bromination 
of methane and ethane. Hydrogen bromide inhibits photobromination of neopentane much more than it 
does in the case of methane, increasing in its effect with rising temperature. Thermal bromination was 
studied at 197°C and found to take place by a mechanism analogous to the photochemical reaction, the 
bromine atoms being produced thermally rather than photochemically. The corrected activation energy 
of the overall reaction was determined from the temperature coefficient of the photochemical reaction 
and found to be 17.8 kcal/mole. Questions of the efficiencies of various molecules as third bodies in the 
homogeneous recombination of bromine atoms and problems relating to steric effects in atom and radical 
reactions have been discussed. The C—H bond strength in neopentane has been estimated to be 95.5 


kcal/mole at room temperature. 





UCCESSFUL determinations of the mechanisms 

and energetics of gas phase bromination of methane! 
and ethane? have enabled reliable estimates to be made 
of several carbon-hydrogen’ and carbon-carbon‘ bond 
strengths. It was found that the mechanism of bromi- 
nation involves an atom and radical chain in which the 
rate determining step is the attack of a bromine atom 
upon the hydrocarbon molecule to produce hydrogen 
bromide and a free radical. This radical subsequently 
regenerates a bromine atom and forms the brominated 
derivative by reaction with a bromine molecule. It was 
felt that the extension of this reaction to the very 
symmetric alkane, neopentane, was important because 
of the opportunity offered of estimating the C—H bond 
strength in neopentane and thereby extending our 
information about effects of larger alkyl radical sub- 
stituents on the bond strength. This is a particularly 
interesting molecule because all C—H bonds are 
equivalent, as are all C—C bonds. With such large, 
symmetric molecules and free radicals with many 
degrees of freedom possibilities existed that recombi- 
nation reactions might proceed by two-body mecha- 
nisms and that unusual steric effects might occur. 


REAGENTS AND EXPERIMENTAL METHOD 


Neopentane from two sources was used. Much of the 
earlier work was carried out with a sample which was 
donated from the purpose by The Universal Oil 
Products Corporation, Chicago, Illinois.’ Later, defini- 
tive studies were made using a sample of Phillips 


* Present address: Aerojet Engineering Corporation, Azusa, 
California. 

1G. B. Kistiakowsky and E. R. Van Artsdalen, J. Chem. Phys. 
12, 469 (1944), Paper I. 

2H. C. Andersen and E. R. Van Artsdalen, J. Chem. Phys. 12, 
479 (1944), Paper II. 

3 Andersen, Kistiakowsky, and Van Artsdalen, J. Chem. Phys. 
10, 305 (1942). 

4E. R. Van Artsdalen, J. Chem. Phys. 10, 653 (1942). 

5 We wish to express our gratitude to Dr. Vladimir Haensel, 
Research and Development Laboratories, Universal Oil Products 
Corporation, for kindly placing one mole of approximately 
98.5 percent pure neopentane at our disposal. 
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Reagent Grade neopentane with a stated purity of 
99.84 mole percent (our freezing curves checked this), 
the most probable impurity being isobutane. Our tests 
indicated that some impurity was present to the extent 
of 0.1 to 0.2 mole percent in this neopentane which 
brominated much more rapidly than neopentane itself. 
Therefore, a sizable sample was prebrominated and 
then purified by removal of bromo products and excess 
bromine and subsequently subjected to repeated trap- 
to-trap, high vacuum distillations. The final product 
was a water-white liquid at —10°C. It was stored 
entirely in the gas phase behind a precision stopcock 
lubricated with Apiezon grease in a flask which had 
been thoroughly evacuated with flaming and was 
flushed with a little neopentane before the main body 
of the hydrocarbon was admitted. 

Hydrogen bromide was prepared by the method of 
Ruhoff, Burnett, and Reid® and purified in high vacuum 
as described in Paper I of this series. 

Analytical reagent grade bromine was allowed to 
stand in vacuum over reagent potassium bromide for 
several weeks to remove traces of chlorine, after which 
it was distilled in a grease-free vacuum system at a 
pressure of 10-5 mm through a large tube of phosphorus 
pentoxide. Several bulb-to-bulb distillations under 
highest vacuum were carried out, and the purified 
fractions finally sealed off in ampules behind break- 
seals. We are indebted to Dr. Harold A. Scheraga for 
this preparation. 

The experimental methods were in general quite 
similar to those described in the earlier papers of this 
series. Bromination was followed by observing photo- 
metrically the rate of disappearance of bromine from 
the reaction system. The photometer had a single 
photosensitive element, an RCA 931 photomultiplier 
tube which was illuminated by a very feeble light beam 
from a General Electric AH4 mercury vapor lamp made 


6 Ruhoff, Burnett, and Reid, Organic Syntheses (John Wiley 
and Sons, Inc., New York, 1935), Vol. XV, p. 35, 
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essentially monochromatic at 4358A. By means of an 
appropriate optical system this beam of light could be 
caused to pass through either a path consisting of the 
reaction cell and a pair of polaroids, one of which was 
mounted in a carefully calibrated wheel and could be 
rotated with respect to the other, or through a second 
path (a bypass comparator path) falling in either case 
on the photomultiplier tube, the output of which was 
fed into a Leeds and Northrup high sensitivity galva- 
nometer. The photometer was operated as a null instru- 
ment by adjustment of the pair of polaroids to give a 
constant intensity of light on the photocell regardless 
of the amount of absorption by bromine. The bypass 
light beam served for each individual measurement as a 
check of the optical constancy of the entire system. 
The photometer was calibrated for each bromination 
tun by observing the polaroid settings vs bromine 
pressures in the reaction cell. Pressures were read with 
a quartz spiral manometer operating as a null gauge 
against a mercury manometer. Light for photochemical 
activation of the reaction mixture was from a General 
Electric AH5 mercury vapor lamp and was filtered 
through Corning filters and about 2” of water to give a 
blue light, 96 percent of which was between 5780A and 
4047A. The light from this source could be interrupted 
at will by a suitable shutter. It has been shown’ that 
light absorbed at wavelengths shorter than 5780A is 
eflective in rupturing bromine molecules and _ that 
bromine atoms produced by predissociation show about 
the same reactivity as those ruptured in a primary act. 
Neither neopentyl bromide nor hydrogen bromide 
absorbs in the region of the spectrum used in these 
studies. 

The reaction cell was a Pyrex cylinder with plane 
windows through which the photochemically activating 
light beam passed. The photometer beam was at right 
angles to this and passed through the center of the cell, 
which can be shown to be the best position for measuring 
the reaction. The volume of the cell was 103 cc with a 
wall area of 122 cm’. The length of light absorbing path 
was 5.9 cm. All leads between the cell and its stopcock 
were of 1.5-2.0 mm capillary to reduce dead space, 
which amounted to about 2-3 cc and is not serious, 
because the bromination reaction proceeds with no 
change in pressure. Stopcocks exposed to bromine were 
lubricated with Dow-Corning Silicone high vacuum 
stopcock grease, which is not attacked by bromine, 
though it does dissolve somewhat in the grease. Other 
stopcocks were lubricated with Apiezon L or N grease. 
The reaction cell was supported in a fixed position in a 
closed, thermostated air-furnace which had a small 
lectrically operated fan to stir the air and was con- 
trolled to 0.1 to 0.2°C by a mercury-in-glass regulator 
and electronic relay circuit. Temperatures were meas- 
ued using a calibrated 2-junction copper-constantan 
thermocouple. 

















































'W. Jost, Z. physik. Chem. B3, 95 (1929), and see Paper I. 
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TABLE I. Photobromination of neopentane 
(constant light intensity, 5780-40474A). 








Initial pressures 





(mm at #°C) ki ki 
a NpH Bre (sec! KX 104) (sec! X104) 
131.5 242 36.3 26.2 24.4 
259 34.2 26.0 24.4 
264 32.0 25.6 24.6 
25.9+0.2 24.5+0.1 
135.3 433 42.2 11.6 11.1 
266 KY Be 12.2 11.5 
271 35.0 13.0 12.2 
291 30.8 10.9 10.4 
11.9+0.6 11.3+0.5 
117.6 226 47.2 3.55 3.23 
198 46.3 4.26 3.84 
624 44.6 3.99 3.81 
434 42.6 3.87 3.69 
226 41.6 4.23 3.88 
394 40.8 4.14 3.94 
339 37.1 3.40 3.23 
299 33.8 4.06 3.85 
419 31.3 3.099 3.42 
299 30.8 3.70 3.51 
202 30.0 4.34 4.05 
485 19.2 3.50 3.43 
416 16.4 3.98 3.90 
215 15.8 4.80 4.65 
3.96+0.31 3.75+0.28 
97.8 264 31.4 1.31 1.24 
547 30.0 1.17 1.14 
529 28.4 1.13 1.10 
1.20+0.06 1.17+0.06 








It is known that none of the reactants or products 
undergoes pyrolysis at the highest temperatures em- 
ployed in this research, and it was demonstrated 
experimentally at the highest temperature employed in 
photochemical studies that thermal bromination was 
entirely negligible during the time of a photochemical 
experiment. 

As in the earlier work, initial rates of reaction were 
determined by short extrapolation to zero time of 
reaction ; and these initial rates of reaction were used in 
all subsequent calculation of rate constants, inhibition 
effects, and temperature coefficients. 


EXPERIMENTAL RESULTS 


It was found that at constant light intensity the initial 
rate of photobromination of neopentane in the absence 
of products could be expressed reasonably well by the 
rate law: 


—d[ Br }/di= ki[ Br2 }[ NpH ][1/P} (I) 


where P represents the total pressure and NpH neo- 
pentane. This corresponds to the law found for photo- 
bromination of methane and ethane. However, the 
analogous rate law 


~d[Br2]/dt= kr Brz}[NpH} (11) 
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was found to fit the data just about as well. A similar 
observation has been made in the side chain photo- 
bromination of toluene.* It is seen that the two expres- 
sions approach each other asymptotically as the concen- 
tration of neopentane becomes large relative to that of 
bromine. (The bromine concentration in our experi- 
ments was in general from 1/5 to 1/20 that of neo- 
pentane.) We prefer expression (I) but will consider the 
choice further in the theoretical discussion. Data for 
photochemical brominations at constant incident light 
intensity are given in Table I with values for both k, 
and kr, from which it is seen that at 117.6° no trend 
in either k; or krz is observed over threefold variations 
in bromine and neopentane pressures. 

The effect of change of incident light intensity on the 
rate of the reaction was investigated by insertion of a 
calibrated screen between the light source and the 
reaction cell. This screen had a transmission of 42.4 
percent. It was found that at 117.6° with the screen 
inserted the rate of bromination was decreased to 
63.5+2.5 percent of the rate in the absence of the 
screen. This is excellent proof of the dependence of the 
rate on the square root of incident light intensity, for 
which the theoretical rate with the screen inserted 
would have been 65.1 percent of that without it. 

The effect of temperature on the initial rate of 
photobromination of neopentane was investigated over 
the temperature range from 97.8 to 151.5°C and results 
of the measurements are given in Table I and plotted 
in Fig. 1. These data have been combined by the 
method of least squares to obtain values for the temper- 
ature dependence of the two rate constants k; and kr, 
which may be expressed by the following equations: 

. logkr = 6.794—3981/T (III) 
and 
logkrr=6.725—3963/T. (IV) 


8 Swegler, Scheraga, and Van Artsdalen, J. Chem. Phys. 19, 
135 (1951). 
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The experimental activation energy is 18.2 kcal/mole 
from (III) and 18.1 kcal/mole from (IV). Thus, the 
activation energy for photobromination when corrected 
for temperature by subtracting }RT from the experi- 
mental value is 17.8 kcal/mole with a probable error of 
about +0.4 kcal. 

Hydrogen bromide, produced as a byproduct, inhibits 
this reaction in the same way it inhibits bromination of 
methane, though to a much greater extent in the case 
of neopentane. It was found that a rate expression of 
the same sort as that for methane fits the data, so that 
we may modify Eq. (I) to 


d[Br.] _#i[Br }[NpHJ[1/P} 








(Ia) 
dt 1+;(HBr |/[Brz ] 
and Eq. (II) to 
d[ Bre | kr Br |}. NpH }} 
— = (IIa) 


dt ue 1+ nn {HBr]/[Br2] 


Results of inhibition by HBr of the photobromination 
are presented in Table II, where m; and mz; are defined 
in (Ia) and (Ila). (Values of ky and ky; used in com- 
puting m; and m7; from inhibition data were obtained 
from Eqs. (III) and (IV), respectively, since the light 
intensity was held constant throughout.) It is seen that 
the amount of inhibition is relatively large and also that 
it is quite dependent on temperature. Magnitude of the 
temperature dependence and precision: of results are 
indicated in the graph of logn; vs 1/T in Fig. 2. The 
rate of reaction is not very sensitive to the value chosen 
for the inhibition constant, ; and hence, the absolute 
magnitude of this constant cannot be determined with 
high accuracy or precision. 

The temperature dependence of the inhibition con- 
stants was found to be described by the following 
equations calculated from the data by the method of 
least squares: 

logn; = 6.04—2285/T (V) 
and 


lognrr=5.49—2030/T. (VI) 


TaBLE II. Photobromination of neopentane. Inhibition by HBr 
(constant light intensity, 5780-4047A). 








Initial pressures 





(mm at #°C) 
i NpH HBr Bre nI nj 
151.5 309 109 34.3 5.7 65 
440 105 36.9 5.3 5] 
413 102 31.9 4.4 4] 
279 100 32.0 3.8 4.3 
143.6 316 98 37.9 2.8 3 
126.2 293 106 34.7 2.4 34 
110.8 260 105 32.8 1.0 13 
107.2 273 102 29.7 1.2 15 
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From these equations one can calculate an apparent 
activation energy of inhibition of 10.5 kcal/mole from 
ny values and 9.3 kcal/mole from mz; values. The 
probable error is about +1.5 to 2.0 kcal. 

Photobromination of neopentane is also inhibited by 
small quantities of oxygen. It was found that from 3 
to 11 mm of oxygen lowered the rate of initial disap- 
pearance of Br: to about one-fifth of its normal rate. 
However, there is a hint that increasing amounts of 
oxygen may be less effective, though this point has not 
been studied carefully. The inhibition lasts a consider- 
able time, apparently until practically all of the O2 has 
been consumed. We surmise that bromine photosensi- 
tized oxidation of the hydrocarbon takes place. 

In one experiment we also observed that 3 mm of 
H,O vapor slowed the rate of disappearance of Br to 
about three-quarters of its normal value. 

The kinetics of the thermal bromination of neo- 
pentane was studied at 197.4°C. In this case the rate 
was found to be given by the following equation, being 
independent of total pressure: 


d{Brz]_ kBr2 }}{ NpH ] 
“ae ~ 14-n{HBr]/[Br2] 


The experimental results are recorded in Table III. 
There does not appear to be any trend in rate constant 
with changing concentration of either neopentane or 
bromine in the ranges investigated. 


DISCUSSION 


The following chain mechanism is suggested to 
explain the observations on photochemical and thermal 
bromination : 





(VII) 


Bro+Av=2Br (1) 

. Br.+M=2Br+M, (1a) 
Br+NpH=Np+HBr, (2) 

Np+ Br2= NpBr+ Br, (3) 

Np+HBr= NpH-+ Br, (4) 
2Br+M=Br.+M. (5) 


Subsequent bromine atoms can be introduced into 
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Fig, 2. Temperature dependence of inhibition by hydrogen 


bromide of photobromination of neopentane. 
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TABLE III. Thermal bromination of neopentane. 








Initial pressures 





(mm at #°C) k 
rC NpH Bra (ce mole~1)$ sec™! X10? 
197.4 404 49.3 1.96 
246 44.6 2.13 
486 40.9 1.77 
483 38.2 1.74 
392 35.2 1.88 
207 22.8 2.38 
165 20.6 1.88 
412 19.0 2.24 
2.00+0.19 








neopentyl bromide by corresponding reactions, but 
these will be unimportant during initial stages of 
reaction and so may be neglected for our study. 

Conceivably, bromine atoms might recombine hetero- 
geneously after diffusion to the walls; but it can be 
shown that the dependence of the rate in this case 
should be first order in Bro. It is also generally accepted 
that Br atoms recombine by a predominantly homo- 
geneous mechanism when the total pressure is above 
100 mm. Reactions involving H atoms have been 
omitted on energetical grounds discussed in Paper I. 

Customary steady-state considerations applied to the 
proposed mechanism allow the following rate law to be 
derived for thermal bromination: 


d(NpBr] 2Keq'[NpH][Br2]}! 
dt  1+k{HBr]/k[ Br] 


where the k’s refer to specific rate constants for steps (1) 
through (5) of the proposed mechanism and Keq= his/ks 
=(Br}/[Br.]. Equation (VIII) agrees exactly with 
the experimental rate law (VII), in which the experi- 
mental rate constant is equal to k2K eq}. 

In like manner one can derive for the photochemical 
reaction 





(VIII) 


d{ NpBr ] a ko[ NpH ]{/ksLM ]}! 
dt  1+k{HBr]/ke{ Bro] 


where ® represents absorbed effective light quanta and 
[M] the total concentration of all molecules present. 
Evidently, = kappa! ol Bre], where kapp is an apparatus 
constant and a the absorption coefficient of Br, for the 
wavelengths of light of incident intensity Jo. For any 
set of experiments in which the incident light intensity 
remains constant it will be seen that Eq. (IX) reduces 
to the experimentally observed relation (I) or (Ia), 
depending on whether HBr is absent or present initially. 

It has been pointed out earlier that rate laws (I) and 
(II) are equivalent when the concentration of neo- 
pentane is much larger than bromine as in the experi- 
ments reported in this paper. However, there is a 
further reason why rate law (II) can be applicable. In 
deriving (IX) for photobromination we have tacitly 
assumed that all molecules are equally effective third 





(IX) 








782 BS. hs: 


bodies in homogeneous recombination of Br atoms. 
This is clearly not the case, as has been demonstrated 
by Jost,’ Rabinowitch,® and Kistiakowsky and Van 
Artsdalen,! among others. Actually, the term &s{_M_] in 
Eq. (IX) should be replaced by a summation of ks’s and 
[M]’s for each molecular species present. Thus, at the 
start of the reaction we might write 


kM | = ks'[ Bre |+ ks’[NpH ]. 


It. is evident that if ,’’ is much larger than ,’; i.e., 
neopentane is a much more effective third body than 
bromine, Eq. (IX) will reduce to an expression in the 
square root of neopentane concentration corresponding 
to rate law (II). The particular conditions under which 
rate law (II) will be applicable rather than (I) will 
depend on k;” vs ks’ as well as on relative concentrations 
of bromine and neopentane. Our conditions must lie on 
the borderline. It is to be expected that large, compli- 
cated molecules with many degrees of freedom will be 
more effective third bodies, and it has been demon- 
strated that in general this is true. Evidently, our 
experiments with neopentane illustrate a further 
example. 

The possibility always exists with large radicals that 
they may recombine in a two-body collision and not 
require the presence of a third body for removal of 
excess kinetic energy. Thus, the two following reactions 
should be considered in the case of neopentyl radicals: 


Np+ Br= NpBr, (6) 
Np+ Np= CjoH22. (7) 


Rate laws were derived including these reactions and 
were tested in the case of thermal bromination by 
calculation of rate constants by the method of least 
squares. Application of the Gauss criterion of closeness 
of fit made it clear that the rate laws so derived were 
considerably less satisfactory than (VIII). Hence, we 
conclude that reactions (6) and (7) are not important 
under our experimental conditions. 
The frequency factor for the rate-determining step, 


NpH+ Br= Np+HBr, (2) 


can be calculated at 197.4°C from the experimentally 
measured over-all thermal rate constant k, which has 
been shown to be equal to k2K.q’. The value Keq?=5.49 
<10-" (mole cc)! at 197.4°C (470.6°K) was obtained 
by interpolation of data of the National Bureau of 
Standards.” We then write k2= 2.00 10-?/5.49X 10-4! 
= 3.64 10° cc mole sec, whence for the frequency 
factor we find A2:=s2Z.=k2/exp(— E2,/RT)=9.29X 10" 
cc mole sec-! with E, taken as 18.1 kcal/mole, 
determined in the photochemical reaction. The collision 


®E. Rabinowitch and W. C. Wood, Trans. Faraday Soc. 32, 
(293 ad E. Rabinowitch and S. C. Lehman, ibid., 31, 689 

0 Selected Values of Chemical Thermodynamic Properties 
(National Bureau of Standards, 1947-1949). 
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number, Z2, was calculated in the usual way and found 
to be 1.9510" cc mole sec. The collision diameter 
of the bromine atom was assumed to be 3.0A and that 
of the neopentane molecule was estimated to be about 
6.0A from Hirschfelder models. With the above values 
of Az and Z, we find that the steric factor, so, is 473. 
The fact that this steric factor is appreciably greater 
than unity indicates that we are dealing with a chain 
reaction of some length. It is to be noted that this is 
different from our finding in the case of methane and 
methyl! bromide, where steric factors of the order of 0.2 
were found. This can be seen also by comparing the 
rate of thermal bromination of neopentane reported in 
this paper with that for methane reported by Kistia- 
kowsky and Van Artsdalen.! It is observed that the 
rate of bromination of neopentane at 470.6°K is about 
the same as that for methane at 570°K even though 
the activation energies of the two reactions are essen- 
tially equal. 

A fruitful comparison of steric factors of the com- 
peting neopentyl radical reactions (3) and (4) may be 
made from Eqs. (V) and (VI) for the temperature 
dependence of inhibition by hydrogen bromide. It is 
seen from Eqs. (VII) and (IX) that the experimental 
inhibition constant, , is equal to ks/k3. Thus we may 
rewrite Eqs. (V) and (VI) in the form 


log (ks/ks) =log(A4/As)—(Es—Es)/2.3RT.  (X) 


Unfortunately, the inhibition data are not very precise 
and the best we can do is say log(A4/A3) is found to 
lie in the range 5.49 to 6.04. Thus, we find that the 
steric factor of the reaction 


Np+ Brz= NpBr+ Br (3) 
is smaller than the steric factor of the reaction 
Np+HBr= NpH-+ Br (4) 


by a factor 10° to 10°, since the collision numbers vary 
only slightly. No estimate of the absolute magnitude of 
these steric factors is possible from this work, but we 
hope to be able to estimate them from other studies in 
progress. At first sight, the tremendous difference in 
these steric factors is surprising; but a study of Hirsch- 
felder models makes it clear that only an exceptionally 
favorably oriented collision between a neopenty] radical 
and a bromine molecule will lead to reaction. In general, 
hydrogen atoms of surrounding methyl groups block 
approach of so large an atom as bromine to within 
bonding distance of the carbon. On the other hand, the 
hydrogen end of hydrogen bromide can approach to 
within bonding distance much more frequently i 
collision, since it is small enough that orientation of the 
methyl groups and of the whole molecules is less 
important. 

There have been discussions for some: time in the 
literature as to whether simple radical reactions exist 
which have steric factors of magnitude as small as 107 
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to 10-®, with Steacie and his co-workers” supporting 
such low values. Evidently, the reaction of neopentyl 
radical with bromine is a further example of a reaction 
with a very low steric factor lending support to the 
arguments of Steacie. 

It is evident from (X) that the apparent activation 
energy of inhibition by HBr is equal to the difference 
in activation energies of reactions (4) and (3). Because 
reaction (3) is a quite exothermic radical reaction, we 
assume that it proceeds with practicalky zero activation 
energy and consequently ascribe the entire value of the 
apparent activation energy of inhibition to reaction (4), 
writing for the average value 


E,—E;E,=9.9 kcal/mole. 


Clearly, this is a maximum value for Ey, the value 
actually being lower if Z; has a small positive value. 


BOND STRENGTHS 


We wish to emphasize here that we define the term 
bond strength as the enthalpy change in the dissociation 
of a particular bond in a molecule to yield two atomic 
or molecular fragments. This definition seems eminently 
satisfactory in that it states that the bond strength is 
the minimum energy which must be supplied to cause 
rupture of the bond at constant pressure. It should be 
noted, however, that our bond strength is different 
from the “bond energy” of Glockler,'* Norrish,“ and 
certain others, who by this latter term mean the energy 
actually resident in the intact bond in the normal 
molecule. 

Activation energies of reactions (2) and (4) may be 
combined to obtain the heat of the reaction NpH+Br 
=Np+HBr at the mean temperature of the experi- 
ments, 398°K. Because the numbers of molecules of 
reactants and products are equal, we may make use of 
average values to write 


AH 393= AE393= E,- E,= 18.15—9.9=8.25 kcal, 


with a probable error of about +2.5 kcal. Using the 
value of the Bureau of Standards! for the heat of 


For discussion see A. F. Trotman-Dickenson and E. W. R. 
Steacie, J. Am. Chem. Soc. 72, 2310 (1950); J. Chem. Phys. 19, 
329 (1951), and paper presented at the Symposium on Anomalies 
in Reaction Kinetics, Division of Physical and Inorganic Chemis- 
try, Am. Chem. Soc., Minneapolis, Minnesota, June 19-21 (1950) ; 
D. M. Miller and E. W. R. Steacie, J. Chem. Phys. 19, 73 (1951). 
R. Gomer and G. B. Kistiakowsky, zbid., 19, 85 (1951), have also 
presented evidence that steric factors of reactions of CH; radicals 
with several molecules are of the order of 10~. 

% G. Glockler, J. Chem. Phys. 19, 124 (1951). 

“For example, L. H. Long and R. G. W. Norrish, Proc. Roy. 
Soc. (London) 187A, 337 (1946). 


TABLE IV. Heats of formation and dissociation. 








AHf(Np) 


0 11.1 
300 3.7 
400 2.0 


D(Np-H) D(Np—CH:s) D(Np—CsHs) 


94.0 79 79 
95.5 80 80 
96.0 











dissociation of hydrogen bromide, we obtain the C—H 
bond strength in neopentane at 398°K as follows: 


NpH+ Br= Np+HBr 
HBr=H+Br 


AH 393= 8.25 kcal 
= 87.75 kcal 








NpH=Np+H AH 39s=96.0 kcal 


D(Np—H) = 96.0 kcal. 


The heat of formation of neopentyl radical may be 
computed from this value of the bond strength and 
heats of formation of neopentane’® and hydrogen” 
tabulated by the Bureau of Standards through the 
equation 


AH{(Np) = AHf(NpH) —AHf(H)+D(Np—H). 


At 398°K we find AH/(Np)=2.0 kcal. This is a sur- 
prisingly low positive value for an aliphatic free radical 
and is indicative of fairly high stability of this radical. 
Heats of formation of CH; and C.H; are 32 kcal and 
26 kcal, respectively." 

Methods outlined in Paper I and in the above- 
mentioned data of the Bureau of Standards were used 
to estimate the C—H bond strength in neopentane at 
298° and 0°K and from these the heat of formation of 
the neopentyl radical at these temperatures. We have 
also combined the heats of formation of methyl and 
ethyl radicals from Papers I and II with that for 
neopentyl radical from this work to derive certain new 
C—C bond strengths. These new data known to about 
2 or 3 kcal are collected in Table IV. 

We observe 'that the C—H bond strength in neo- 
pentane is about 6 kcal lower than in methane and 
about 3 kcal lower than in ethane. This is in accordance 
with our expectation that greater substitution should 
lower the C—H bond strength. The C—C bond 
strengths in Table IV are interesting in that apparently 
the C—C bonds in 2,2-dimethylbutane and 2,2- 
dimethylpentane have reached a leveling-off value 
about 5 to 6 kcal below that in ethane. 

15 Selected Values of Properties of Hydrocarbons (National 
Bureau of Standards, 1947), Circular C461. 


16 Computed as above using Bureau of Standards heats of 
formation and D(CH;—H) and D(C:H;—H) from Papers I and II. 
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Substituted Methanes. VI. Force Constants and Calculated 
Thermodynamic Properties for Some Trifluoromethanes* 
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Using previous Raman and infrared data, force constants were calculated for CF,, CF;H, and CF;Cl, 
by means of the Wilson FG matrix method, with a potential energy function containing all possible second- 
degree terms. Fundamental frequencies for CF;D were then determined by means of the force constants 
found for CF;H. Finally, the heat content, free energy, entropy, and heat capacity for the ideal gaseous 
state at 1 atmos pressure were calculated for these 4 molecules for 11 temperatures, from 100°K to 1000°K, 


1951 






with a rigid rotator, harmonic oscillator approximation. 


















N previous papers‘ of this series, Raman and infra- 
red spectral data, assignments, force constants, and 
calculated thermodynamic properties were given for 
some tribromo- and trichloromethanes. A similar treat- 
ment has been made of the trifluoromethanes, except 
that no new spectral data have been obtained. The 
existing data were collected and subjected to a critical 
examination, in order to decide upon the best values for 
the fundamental frequencies. From these fundamental 
frequencies, force constants were calculated for CF,, 
CF;H, and CF;Cl. A complete treatment of a sequence 
of trifluoromethanes also should have included the 
molecules CF;D, CF;Br, and CF3;I. However, no data 
for the vibrational spectra could be found in the litera- 
ture, although the moments of inertia and interatomic 
distances for CF;Br and CF;I have been computed from 
microwave data.® The fundamental frequencies have 
been calculated for CF;D in the present investigation, 


using the force constants of CF;H. In addition, the heat 
content, free energy, entropy, and heat capacity were 
calculated for the ideal gaseous state. 


PREVIOUS DATA AND ASSIGNMENTS 
Trifluoromethane, CF;H 


Relatively little work has been done with the Raman 
and infrared spectra of the trifluoromethanes, probably 
because they are gases boiling near — 100°C. Raman 
displacements and estimated relative intensities for 
liquid CF3;H were obtained first by Glockler and 
Leader,’ and later by Glockler and Edgell.® Since no 
depolarization factors were given, only tentative assign- 
ments of the frequencies could be made. Recently, 
Rank, Shull, and Pace® also obtained the Raman spec- 
trum of the liquid, including qualitative depolarization 
data. The infrared spectrum was obtained first by 


TABLE I. Observed and calculated fundamental frequencies of CF3;H.* 























Raman Infrared 
Glockler and Edgell Rank, Shull, and Pace Price A.L.P. No. 741 gas Probable 
liqui liquid gas percent value Ve Type 
Av I Av I p » I v absorpt. 

508.1 5 508 vs dp 509.4 a 508 508 E 

696.7 6 697 Ss pp 703.2 m iy 62 697 696 A 
19 

1116.5 8 1117 vs pp 1117 1117 Ai 

1160 Ww dp 1152.4 vs 1155 100 1160 1160 E 

1376.2 3 1376 s dp 1351.5 s 1352 47 1376 1376 E 
3062.0 10 3062 > p 3035.6 s 3020 97 3062 3062 Ay 












vs =very strong, s =strong, m =medium, w =weak. 


® The frequencies enclosed by the brace are branches of a single band; Av is the Raman displacement in cm; J is the estimated relative intensity; 
ve is the calculated frequency in cm~!; p = polarization state (dp =depolarized, p =polarized, pp =partially polarized) ; v is the infrared absorption frequency; 








* Presented at the Chicago meeting of the American Physical Society, November, 1950; see abstract in Phys. Rev. 81, 301 (1951). 
1 Meister, Rosser, and Cleveland, J. Chem. Phys. 18, 346 (1950). 
2 Ferigle, Cleveland, Boyer, and Bernstein, J. Chem. Phys. 18, 1073 (1950). 
%Zietlow, Cleveland, and Meister, J. Chem. Phys. 18, 1076 (1950). 
4 Madigan, Cleveland, Boyer, and Bernstein, J. Chem. Phys. 18, 1081 (1950). 
5 J. R. Madigan and F. F. Cleveland, J. Chem. Phys. 19, 119 (1951). 
6 J. Sheridan and W. Gordy, Phys. Rev. 77, 292 (1950). 
7G. Glockler and G. R. Leader, J. Chem. Phys. 8, 699 (1940). 
8G. Glockler and W. F. Edgell, J. Chem. Phys. 9, 224 (1941). 
® Rank, Shull, and Pace, J. Chem. Phys. 18, 885 (1950). 
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Price, as given by Bernstein and Herzberg.!° However, 
no further report of Price’s work could be found in the 
literature, unless the A.P.I. spectrogram No. 741 of 
CF;H resulted from his investigation." 

In Table I, the values of the fundamental frequencies 
as determined from the Raman and infrared spectra 
are given. The results of Glockler and Leader were not 
included, since they are not as accurate as those of 
Glockler and Edgell, their values having been obtained 
only from a mixture of CF;H and CHCIF». One notices 
that the Raman data are in excellent agreement, 
except that the 1160 cm™ line found by Rank, Shull, 
and Pace was not observed by Glockler and Edgell. 
However, Price reported a very strong infrared band 
at 1152.4 cm, which may correspond to this line. 

The infrared bands given in the column headed 
“A.P.I. No. 741” were obtained by measurement from 
the A.P.I. spectrogram. One notices that these values 
are not always in good agreement with those given by 
Price, so that his values must have been based on other 
spectrograms. Because of this lack of agreement, and 
because the liquid data of Rank, Shull, and Pace are 
in excellent agreement with those of Glockler and 
Edgell, the Raman frequencies were used as the most 
probable values in determining the force constants. 

Bernstein and Herzberg" also observed 47 absorption 
bands in the region 4300-14000 cm™ and made assign- 
ments of the bands using fundamental frequencies 
which are in fair agreement with the present ones, 
except. that the values of the 1117 A, and 1160 £ fre- 
quencies were interchanged. The most serious conse- 
quence of this interchange would be to require a change 
in type for some of the assignments since the two fre- 
quencies are so close together. 


Chlorotrifluoromethane, CF;Cl 


Kahovec and Wagner” obtained the Raman spectrum 
of liquid CF;Cl, but were unable to get depolarization 
factors since their depolarization apparatus could not 
be used at low temperatures (see Table II). However, 
they did make predictions of the polarization states of 
the lines, based on a study of the spectral sequence 
CF,>CCl,. The infrared spectrum was obtained by 
Thompson and Temple™ for the gaseous state in the 
region 560-1670 cm~'. The observed Raman and infra- 
red fundamentals are in good agreement when one 
allows for the change in frequency in going from the 
gaseous to the liquid state. Since two of the fundamental 
frequencies below 560 cm-! were not observed in the 
gaseous state, the liquid Raman values for those fre- 
quencies and the four infrared fundamentals were used 
(194gy J. Bernstein and G. Herzberg, J. Chem. Phys. 16, 30 

= American Petroleum Institute Research Project 44. National 
Bureau of Standards. Catalog of Infrared Spectral Data No. 741, 
trifluoromethane, contributed by the Ryerson Physical Labora- 
tory, University of Chicago. 

® L. Kahovec and J. Wagner, Z. physik. Chem. B48, 188 (1941). 


°H. W. Thompson and R. B. Temple, J. Chem. Soc. 1948, 
1422 (1948). 
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TABLE II. Observed and calculated fundamental 
frequencies of CF;Cl.* 











Raman Infrared 
Kahovec and Thompson 
Wagner and Temple Probable 
liquid gas value Ve Type 
Av I y I 
356 4 356 356 E 
478 8 478 478 Ai 
560 2 560 m 560 560 E 
784 8 783s 783 783 A, 
1092 Od 1102 vs 1102 1102 A, 
1205 Od 1210 vs 1210 1210 E 








* d =diffuse. The remaining symbols are defined following Table I. 


to determine the force constants. Thompson and 
Temple observed other absorption bands, for which 
they gave satisfactory assignments. 


Tetrafluoromethane (Carbon Tetrafluoride, CF,) 


The Raman spectrum of liquid CF, was obtained by 
Yost, Lassettre, and Gross (see Table III). However, 
they did not obtain depolarization factors. The first in- 
frared spectrum was reported for the gaseous state by 
Eucken and Bertram,'* who reported only 2 absorption 
bands. Later, Bailey, Hale, and Thompson’*® obtained 
10 infrared bands in the region 630-2550 cm for 
gaseous CF,. The values for the 2 bands obtained by 
Eucken and Bertram were not in very good agreement 
with the later values. 

Since no other investigation of CF, could be found, 
the lines at 437 and 904 cm™ reported by Yost, Las- 
settre, and Gross were used as the A; and E funda- 
mentals, while the F,; fundamentals were taken from 
the infrared work of Bailey, Hale, and Thompson. 


FORCE CONSTANTS 


Force constants have been determined for CF,, 
CF;H, and CF;Cl, using the same method as in pre- 
vious papers'* on the halogenated methanes. The fre- 
quencies employed were those given in Table IV, while 
the bond distances were those given in Table V. Al- 
though previously calculated force constants were 


TABLE III. Observed and calculated fundamental 
frequencies of CF,.* 








Raman Infrared 
Bailey, Hale, 
Yost, Lassettre, Eucken and 
and Gross and Thompson Probable 
liquid Bertram gas value te Type 


Av v v I 








I 
437 1 437 437 E 
635 1 653 630 = 65 630 630 F; 
904 10 904 904 A, 
1350 1265 100 1265 1265 FP; 








* The symbols are defined below Table I. 


4 Yost, Lassettre, and Gross, J. Chem. Phys. 4, 325 (1936). 

16 A. Eucken and A. Bertram, Z. physik. Chem. B31, 361 (1936). 

16 Bailey, Hale, and Thompson, Proc. Roy. Soc. (London) A167, 
555 (1938). 
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TABLE IV. Probable values of the fundamental vibrational frequencies of the trifluoromethanes. 

















Degen- Degen- 
Description Type eracy CF3H CF3;D* CF;Cl CF, eracy Type 
CF; Deformation E 2 508 496 560° 437 z E 
CF; Deformation Aj 1 697 687 478 630» 3 F. 
C—F Stretching A, 1 1117 1080 1102» 904 1 A, 
C—F Stretching E 2 1160 988 1210» 1265» Z Fy, 
Bending E 2 1376 1210 356 
C—X Stretching A, 1 3062 2288 783> 
® Calculated. 


b Gas values. 


available for CF, and CF3H, it is felt that those of the 
present work are to be preferred, since other investiga- 
tors used less general potential functions and less 
accurate values of the bond distances. 

The force constants for CF;H and CF;D are com- 
pared with the values obtained by Pace!’ and Step- 
anov!’ in Table VI. For the CF;X molecule, d refers to 
a C—F bond, a to an F—C—F angle, D to the C—X 
bond, and § to an F—C—X angle. As in the work for 
the tribromo- and trichloromethanes, the constant f’ag 
was assumed to be zero in order to evaluate other con- 
stants with which it appeared in linear combination. 
The constant fp, represents the linear combination 
foa—fog, which could not be separated, since the 
components do not appear in any other combination. 
Pace set this constant and also fpa equal to zero, but 
these two constants were rather large in the present 
investigation. 

The constant fg was taken from the work of Pace, 
so that fair agreement might be expected between his 
force constants and those of the present investigation. 
Even when allowance is made for force constants which 
he set equal to zero, differences occur due to the use of 
other frequency values and bond distances. Pace used 
1.35A for the C—F bond distance for both CF3;H and 
CF,, while in the present investigation values of 1.329A 
for CF;H and 1.36A for CF, were used. 

The constants fag and f’ag were evaluated from the 
combination fag—f’as, assuming that f’ag is approxi- 
mately 4 the negative of fas, as it was previously as- 
sumed for the trichloro- and tribromomethanes. 

A comparison of the observed and calculated fre- 


TABLE V. Bond distances, moments of inertia, 
and symmetry numbers.* 











CF3H CF;:D CFs CF;Cl 
C-xX 1.0936 1.0936 see 1.765 
C-—F 1.329 1.329 1.36 1.323 
Iec=Iyy 48.84 50.89° 93.7  152.5° 
les 89.55° 89.55¢ 93.7°¢ 88.68° 
of 3 3 12 3 








* Bond distances and moments of inertia are in A and Awu. A%, re- 


spectively. 
b Experimental value (reference 10). 
¢ Calculated. 
@ ¢ =symmetry number. 


17 FE. L. Pace, J. Chem. Phys. 18, 881 (1950). 
18 B. I. Stepanov, Acta Physiochim. U.R.S.S. 20, 174 (1945). 


quencies for CF3;H is made in Table I. The calculated 
frequencies of CF3;D are listed in Table IV. 

Force constants obtained for CF;Cl are given in 
Table VI. Stepanov’ also calculated the fundamental 
frequencies of CF;Cl, using force constants which he 
obtained in an earlier work. However, the reference he 
gives to this paper is in error; and it was not possible to 
determine the values he used, since they were not given 
in the later paper. His agreement with the observed 
frequencies was not always too good, the difference in 
one case being 152 cm™. 

The constants for the CF; group were transferred to 
the CF;Cl molecule from the present results for CF;H, 
and the C—Cl stretching force constant fp was taken 
from the previous paper on the trichloromethanes.* The 
C—F stretching force constant fz for the trifluoro- 
methanes was found to be much larger than it was for 
the CBr3;F and CCl;F molecules, where it was ap- 
proximately 4.95 x 10° dynes/cm. 

Force constants obtained for CF, and those given by 
Pace" and Stepanov'* also are shown in Table VI. The 
values for fa, faa, and f. were transferred to CF, 
from the present results for CF;H. The remaining con- 
stants were found to agree very well with comparable 
constants for CF;H. 


THERMODYNAMIC PROPERTIES 


Birge’s 1941 values of the physical constants were 
used to calculate the heat content, free energy, entropy, 
and heat capacity at constant pressure for CF3H, 
CF3;D, CF,, and CF;Cl, with a rigid-rotator, harmonic 
oscillator approximation for the ideal gaseous state at 
1 atmos pressure. The thermodynamic properties were 
calculated for a temperature range from 100°K, which 
is approximately 50° below the boiling point for these 
molecules, to 1000°K. The values used for the bond 
distances, moments of inertia, and symmetry numbers 
are given in Table V, while the frequencies are listed in 
Table IV. Since in some cases it was necessary to use 
both liquid and gas values, the results may be a little 
too high in the last significant figure, for an increase of 
a few cm™ in the frequencies usually occurs in going 
from the liquid to the gaseous state. The thermo- 
dynamic functions for CF;H, CF;D, CF;Cl, and CF, 
are given in Tables VII-X. 


19 B. I. Stepanov, Compt. rend. acad. sci. U.R.S.S. 45, 56 (1944). 
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TRIFLUOROMETHANES 





TABLE VI. Force constants for some trifluoromethanes (10° dynes/cm). 











CF3H and CF;D CF. CF:Cl 
Type Present Pace Stepanov Present Pace Stepanov Present 

fo 5.0323* 5.042 5.02 tee tee tee 3.4580 
ta 6.2460 6.246 6.01 6.2460 6.246 7.24 6.2460 
fav 0.25305 0.000 0.177 tee see tee 0.70843 
Saa 0.87900 0.967 0.354 0.96650 0.967 0.383 0.87900 
So 1.2186 1.176 0.791 1.2186 1.176 0.857 1.2186 
Saa 0.31572 tee 0.769 0.31572 tee 0.814 0.31572 
Sea —0.16885 tee 0.000 —0.16182 tee 0.000 —0.16885 
Sac 0.29933 0.262 0.0798 0.30522 0.262 0.101 0.29933 
oe oes ve eee 0.10420 0.0609 0.000 v0. 
tp 0.53578 0.522 0.611 tee tee tee 0.65178 
tag 0.33057 see 0.678 0.23097 
f'ag —0.16529 ove 0.000 —0.11548 
fas 0.17556 see 0.121 0.034752 
fap 0.00000 eee 0.000 0.00000 
fos 0.10135 0.0982 0.226 —0.012963 
>f py 0.19886 0.000 —0.633 tee tee tee —0.55229 
Saa—f'da 0.48457 0.477 0.769 0.47754 0.477 0.814 0.48457 
fag —f' ap 0.49586 0.488 0.678 oo baw vas 0.34645 

‘ap—f' op 0.17556 0.167 0.121 0.034752 








® The use of 5 significant figures is not justified by the accuracy of the experimental data, but this number was retained for better reproduction of the 


observed frequencies and for internal consistency in the calculation. 
> fDy =fDa —f Dp. 


Glockler and Edgell*® calculated the heat capacity 
for CF;H for temperatures from 250 to 650°K. How- 
ever, the 936.8 cm line, which they considered to be 
an £ fundamental, was found by later investigators 
to be due to an impurity. 

The thermodynamic functions for the molecule CF;D 
were based on the calculated frequencies. Since the 


TABLE VII. Heat content, free energy, entropy, and heat capacity 
of CF;H for the ideal gaseous state at 1 atmos pressure.* 








fundamentals are probably accurate to within 2 percent, 
the values may be considered to be quite reliable, pend- 
ing the experimental determination of the frequencies. 

The entropy of CF, at 298°K was calculated by 
Yost ;?° however, he used a frequency which appears to 
be 85 cm™ too high, so that his calculated value should 
be too low. Eucken and Bertram" calculated C, over a 


TABLE IX. Heat content, free energy, entropy, and heat capacity 
of CF, for the ideal gaseous state at 1 atmos pressure. 








i (H° —Ho)/T —(F° —Fo°)/T S? Cp 
100 7.97 43.62 51.58 8.10 
200 8.41 49.24 57.66 9.86 
298.16 9.27 52.75 62.03 12.21 
300 9.29 52.81 62.10 12.25 
400 10.33 55.62 65.95 14.59 
500 11.39 58.04 69.43 16.56 
600 12.38 60.21 72.59 18.13 
700 13.30 62.19 75.48 19.36 
800 14.12 64.02 78.13 20.33 
900 14.85 65.72 80.57 21.10 

1000 15.51 67.32 82.83 21.73 








_ *In this and subsequent tables, T is in °K, and the other quantities are 
in cal deg~! mole“. 


TABLE VIII. Tentative values for the heat content, free energy, 
entropy, and heat capacity of CF;D for the ideal gaseous state at 
1 atmos pressure. 











T (H°—Ho)/T —(F°—F°)/T S? C,° 
100 7.97 43.74 51.71 8.12 
200 8.46 49.38 57.84 10.08 
298.16 9.44 52.93 62.37 12.80 
300 9.46 52.99 62.45 12.85 
400 10.64 55.87 66.51 15.44 
500 11.81 58.37 70.19 17.51 
600 12.90 60.62 73.53 19.09 
700 13.88 62.69 76.56 20.31 
800 14.74 64.60 79.34 21.24 
900 15.51 66.38 81.89 21.98 

1000 16.18 68.05 84.23 22.56 

















T (H° —Ho®)/T —(F° —Fo°)/T Ss C;° 
100 8.00 42.89 50.89 8.30 
200 8.83 48.63 57.46 11.32 
298.16 10.21 52.41 62.62 14.63 
3m) 10.24 52.47 62.71 14.68 
40) 11.70 55.53 67.23 17.36 
500 13.04 58.38 71.42 19.35 
600 14.22 60.86 75.08 20.80 
700 15.24 63.13 78.37 21.85 
800 16.12 65.23 81.34 22.63 
900 16.87 67.17 84.04 23.20 

1000 17.53 68.98 86.51 23.65 








TABLE X. Heat content, free energy, entropy, and heat capacity of 
CF;Cl for the ideal gaseous state at 1 atmos pressure. 











T (H°—Ho)/T —(F° —Fo)/T Se C,® 
100 8.09 47.09 55.18 8.76 
200 9.37 53.03 62.40 12.63 
298.16 11.02 57.08 68.09 15.96 
300 11.05 57.15 68.19 16.02 
400 12.62 60.54 73.16 18.52 
500 13.99 63.51 77.50 20.32 
600 15.16 66.17 81.33 21.59 
700 16.14 68.58 84.72 22.50 
800 16.98 70.79 87.77 23.16 
900 17.70 72.84 90.53 23.65 

1000 18.31 74.73 93.05 24.02 








20D. M. Yost, Proc. Indian Acad. Sci. 8A, 333 (1938). 
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range of temperatures; but their triply degenerate fre- 
quencies were 23 and 85 cm™ higher than the present 
accepted values, and the A, frequency which they used 
was only an estimate. 

Thompson and Temple" calculated the heat content, 
free energy, entropy, and heat capacity for CF;Cl for 
temperatures ranging from 250 to 600°K. Their fre- 
quencies were identical with those used in the present 
work; however, the moments of inertia which they 


ROBERT T. BEYER 


used were calculated with bond distances which were 
taken from other molecules, whereas bond distances 
obtained from microwave data were used in the present 
case. Justi and Langer* also calculated the thermo- 
dynamic functions for CF;Cl. They too used the less 
accurate bond distances, and frequencies differing as 
much as 10 cm from those of the present investiga- 
tion. 


21 E. Justi and F. Langer, Z. tech. Physik 22, 124 (1941). 
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The contribution of thermal conductivity to ultrasonic absorption in liquefied gases is computed on the 
basis of known experimental values of the thermal conductivity or of approximate theoretical values. The 
results are compared with Galt’s experimental data and satisfactory agreement is obtained. 


N reporting measurements on ultrasonic absorption 
in liquefied A, Hz, Ne, and O», Galt' has observed 
that the absorption coefficient calculated from shear 
viscosity accounted for about three-fourths of the ex- 
perimentally observed absorption in argon, nitrogen, and 
oxygen, but only one-tenth of that observed in liquid 
hydrogen. In addition, he did not calculate the contri- 
bution of thermal conductivity, inasmuch as experi- 
mental values of the thermal conductivity were not 
available. 
In this note, the absorption coefficient has been re- 
calculated, taking thermal conductivity into account. 
The amplitude absorption coefficient @ is given classi- 


TABLE I. Thermal conductivities of liquefied gases. 








K K 
co Cre ra (Kar- (Boro- K 
cm/sec calteA cal /°A cm dos) vik) Exptl. 
Gas T°A X104 g mole -8§ x10-* K10-* XK1074 





8.53 

9.52 0. 

10.94 0.4 
0. 
0. 


A 85.2 
Oz 87.0 
70.0 


60 
Ne 73.9 
He 17 


74 

4 44 

18 

11.19 4 0. 


9.62 
11.87 


4, 
7. 
7. 
7. 
6. 
2. 


5S 
62 
45 








* See reference 1. . 

b Landolt-Bérnstein, Physikalisch-chemische Tabellen (Julius Springer, 
Berlin, 1923-35). 

e Computed rom Cp values and y-values listed in Bergmann, reference 2. 

4 Values for argon, nitrogen, and hydrogen are taken from S. Glasstone, 
Textbook of Physical Chemistry (D. Van Nostrand Company, Inc., New York, 
1946), second edition, p. 546. The value for oxygen is from Borov ik, refer- 
ence 5. 


* This work has been ere in part by the ONE R. 
1 J. K. Galt, J. Chem. Phys. 16, 505 (1948). 


cally by the formula? 


a 274 
<= (crt 
Pr pe\3 


where p is the mean density of the medium, c is the 
speed of sound, 7 the shear viscosity, y the ratio of 
specific heats, cp the specific heat at constant pressure, 
and K the thermal conductivity. 

Experimental values for K have been obtained by 
Hammann’ in liquid nitrogen and oxygen, and his 
values are given in Table I at the temperatures at 
which Galt’s measurements were made. 

The author has been unable to find experimental 
measurements of the thermal conductivity in either 
liquid argon or liquid hydrogen. There do exist, how- 
ever, a number of formulas, both theoretical and em- 
pirical, which can furnish an approximate value of K 
in these cases. 

In the theoretical expression of Kardos,* the thermal 
conductivity K is given by the expression 


K= pc,6, (2) 


in which ¢, is the specific heat at constant pressure. K 
is essentially the molecular diameter, and is set equal 
to 0.95 10-* cm for all liquids by Kardos. 

More recently Borovik® has suggested an empirical 


Cp 


2 See, e.g., L. Bergmann, Der Ultraschall (Ziirich, 1949), fifth 
edition, p. 310. 

3G. Hammann, Ann. Physik [5] 32, 593 (1938). 

4 A. Kardos, Forsch. Gebiete Ingenieurw. A5, 14 (1934). 

5 E. Borovik, J. Exptl. Theor. Phys. (USSR) 18, 48 (1948). 
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TABLE III. Values of a/v* (all in units of 10-7 cm™ sec?). 








be p. 


pP 7 
g/cm* poise 





0.00265 
0.00210 
0.00355 
0.00500 
0.00183 
0.000176 


85.2 1.42 
Oz 97 1.16 

70 1.24 

60 1.28 
Ne 73.9 0.825 
He 17 0.0745 








formula, 
K=h,(C,49R/4)c/r’, (3) 


in which ki=4.62X10-**; C,=molar heat capacity at 
constant volume; R= molar gas constant, = 1.987 calo- 
ries/°A; c=speed of sound, and r is the molecular 
radius as obtained from molecular refraction. 

The values for K computed from these two formulas 
are also tabulated in Table I. 

Of the two formulas, the Kardos relation gives values 
of K somewhat closer to the experimental results, while 
the temperature dependence of K is better represented 
by the Borovik formula. The values of the density p, 
the shear viscosity 7, and the ratio of specific heats y 
are listed in Table II. The values of p and 7 are taken 
from van Itterbeek and van Paemel® and Rudenko and 
Schubnikov.’ 

The computed values of a/v’ are given in Table III. 


6 A. van Itterbeek and O. van Paemel, Physica 8, 133(1941). 
7N.S. Rudenko and L. W. Schubnikov, Physik. Z. Sowjetunion 
6, 470 (1934). 


(@/>*) total 


Tempera- (Boro- 
Gas ture °A (a/>") viscosity (Kardos) —_ vik) 


A 85.2+0.2 7.9 11.0 10.5 

Oz: 87.0+0.2 . 7.0 6. 
70+1 J 6.8 ’ 
60+5 ‘ . . 

Nz 73.940.2 

H. 17+1 


(Ham- 
mann) 


a/v? 
exptl. 











The second column gives a/v” caused by shear viscosity, 
while columns two, three, and four list the total value 
of a/v (Eq. (1) ], using the thermal conductivity values 
of Kardos, Borovik, and Hammann, respectively. The 
last column contains Galt’s experimental values. 

It is clear from the table that the classical absorption 
expression (Eq. 1) yields values which are in satis- 
factory agreement with experiment. 

Finally, it should be pointed out that the great dis- 
crepancy between Galt’s value for absorption caused by 
viscosity in liquid hydrogen and the value given here 
may be attributed to the different values of the density 
which have been used. Galt’s computations were based 
on data given in Bergmann,*® who lists the density of 
liquid hydrogen at 0.355 g/cm*. The value found else- 
where in the literature® (and used here) is 0.075 g/cm’. 


8 Bergmann, reference 2, p. 291. 

9 A. van Itterbeek and O. van Paemel, reference 6; also Hand- 
book of Chemistry and Physics (Chemical Rubber Publishing Com- 
pany, Cleveland, Ohio, 1948), thirtieth edition, p. 1703. 
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Hydrogen-Oxygen Reaction at the Second 
Explosion Limit 
HERBERT P. BROIDA 


National Bureau of Standards, Washington, D. C. 
(Received April 4, 1951) 


GERTON and Warren! have shown that the mechanism for 

the upper limit (second explosion limit) of the low pressure 

“explosion peninsula” in mixtures of hydrogen and oxygen in 

boric acid-coated vessels must include a new chain branching step 

of second order in the chain carriers. To account for their experi- 
mental results, they have postulated the step 


H+HO.—OH+OH. (1) 


A recent paper by Oldenberg and Broida? discusses the mecha- 
nism of the second limit with reference to new experimental data 
in KCl-covered and clean Pyrex vessels over a large range of 
mixtures. With small concentrations of oxygen, chain breaking at 
the walls is not negligible even at temperatures up to 523°C. The 
assumption that this chain breaking step is the recombination of 
hydrogen atoms at the wall, 


H—}H,(wall), (2) 


in combination with the Lewis and von Elbe*® mechanism, gives 
conditions for the explosion limit that quantitatively agree with 
experimental results. At small concentrations of oxygen, step (2) 
competes with step (1) for the chain carrier, H. 

Some unpublished experimental results of the author show the 
same phenomenon described by Egerton and Warren. Following 
the procedure adopted by these authors,.the partial pressure of 
hydrogen, PH:, at the second explosion limit is plotted in Fig. 1 

















Po, (mm) 


Fic. 1. Key: Temperature =460°C. 


1. Boric acid. 
2. Pyrex (soap). 
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as a function of the partial pressure of oxygen, PO2. All data on 
this figure were obtained at 460+3°C in 18-cm diameter vessels 
with different preparations of the surface. 

Data obtained in a boric acid-coated vessel (curve 1) gave 
constants (a=0.34, b=16.8, and K=17.7) in good agreement 
with the results of Egerton and Warren in smaller vessels. Thus, 
we confirm in a much larger vessel that the second limit in boric 
acid is independent of vessel size. 

Experiments in other vessels show the effects of surface on the 
second limit. A clean vessel (curve 2) that had previously been 
washed with soap (Ivory Flakes) and thoroughly rinsed gave 
curves that increase with decreasing PO» at small PO» in a manner 
similar to that in boric acid. However, a second clean vessel 
(curve 3) that had previously been washed with detergent (Oakite) 
and thoroughly rinsed gave curves that decrease (instead of 
increase) at small PO2. This latter behavior is characteristic of 
KCl-covered vessels of 18 (curve 4) and 7.4 cm diameter at 
temperatures below 523°C. At temperatures below 435°C, large 
and small clean vessels also gave curves which decreased at 
small POs. 

From these results in vessels of different surfaces and from 
consideration of the effects of competing reactions (1) and (2), it 
is deduced that KCl is the surface most destructive to both 
hydrogen atoms and to HO, (or H,0,), that boric acid is least 
destructive to H atoms, and that clean Pyrex is least destructive 
to HO, (or H,0.). It is not possible to distinguish between 
destruction of HO, and H,O: on the walls by experiments on the 
second explosion limit. 

(9st) Egerton and P. R. Warren, Proc. Roy. Soc. (London) 204, 465-476 


20. Oldenberg and H. Broida, J. Chem. Phys. 19, 196-202 (1951). 
3G. von Elbe and B. Lewis, J. Chem. Phys. 10, 366-393 (1942). 





Diffusion in Solid Sulfur* 


R. B. CuDDEBACK AND H. G. DRICKAMER 
University of Illinois, Urbana, Iilinots 
(Received February 23, 1954) 


OLID sulfur exists in two crystalline and one amorphous 

(unstable) form. Below 95.5°C the stable form is an ortho- 
rhombic crystal with the ratio between the axes a:b:c=0.814: 
1.0:1.9076. Above this temperature the stable form is monoclinic. 
For this experiment rhombic crystals were grown by adding a 
seed crystal to a CS, solution nearly saturated with sulfur. The 
resulting crystals were anywhere from 2-3 millimeters to one 
centimeter on an edge. The radioactive sulfur was coated on a 
single 111 face either by evaporation or by dipping in a saturated 
CS, solution. The latter process proved more satisfactory because 
of the superior degree of contact obtained. 

The crystals were lightly clamped together, face to face, to 
prevent evaporation and placed in test tubes in a closely controlled 
temperature bath. The temperature shown is that measured 
inside the test tube near the surface of the crystal. The crystals 
were left in the bath from a few days to several weeks depending 
on the diffusion coefficient. At any one temperature, pairs of 
crystals were run for different lengths of time. After removal 
from the bath, the crystals were set in a brass ring containing 
quick drying plaster of paris. The ring was then chucked in the 
vise of a Leitz Sledge Base Microtome, and three micron slices 
were taken. Before slicing, the surface was carefully aligned with 
the blade by an optical method. The slices were counted with a 
thin window Geiger tube and a Nuclear Instrument and Chemical 
Company scalar. 

The solution of the diffusion equation for the concentration at 
any point x and time / in the case where there is a strong source 
Q on the surface is 


C=[Q/2(xDt)*] exp(—2*/4Dt). (1) 


Thus, a plot of InC versus x*/4t gives a slope of —1/D. The 
experimental results are shown in Table I and Fig. 1. 





a, pr eS. 
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TABLE I. Diffusion coefficients for orthorhombic sulfur crystals. 








' DX108 
4 cm?/sec 


Average D X10 
cm?/sec 





309 0.052 
0.050 
0.047 


0.086 
0.071 
0.077 
0.074 
0.48 


0.66 


0.050 


0.077 


2.56 


1.66 
1.74 


Transition temperature 


6.83 
6.65 
6.92 


4.23 
3.89 
3.78 








In a rhombic crystal there exists the possibility of diffusion 
anisotropy perpendicular to the three axes. Since it was not 
practical to measure diffusion perpendicular to the three axes nor 
to resolve the measured coefficients in three directions, it was 
assumed that the diffusion perpendicular to the a and b axes was 
degenerate, i.e., that for diffusion purposes the crystal had 
tetragonal symmetry. Since the a:b ratio is nearly one in contrast 
to the a:c ratio, this may be a reasonable approximation. The 
only real justification is the agreement with experiment. 

Boas and Fensham! point out that the diffusion coefficient at 
any angle @ with the c axis of the crystal can be resolved into 
diffusion coefficients parallel and perpendicular to the ¢ axis by 
the equation, 


De= (Dj) cos?@+ (D4) sin?é. (2) 





101° 96°92°87.5° 
| | 


I] 


Es | 


FIGURE 1 


DIFFUSION COEFFICIENT 
AS A FUNCTION OF THE 
TEMPERATURE 


| 

| CURVE CALCULATED 
| FROM EQUATION (3) 
| 

| 

| 


T TTT 
LL titty 


oxo? cu*/sec 


Lit 
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| ae TEMPERATURE 
| 95.5°C 


I 


PT ai 














3.0 
fran 


Fic. 1. 
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For the geometry of the sulfur crystal, this reduces to 


Do=0.099(D,) +0.901(D4), (3) 

where 
D,=8.32X 10-" exp—(3080/RT), (4) 
D.=1.78X 10* exp—(78000/RT). (5) 


Thus, diffusion parallel to the ¢ axis controls at high tempera- 
tures, and perpendicular diffusion controls at low temperatures. 
In view of the long distance for jumps parallel to the ¢ axis, a 
much higher activation energy is needed. While the crystals run 
at 369°K appeared to be transformed largely to monoclinic 
crystals, the points fit the calculated curve. This may be coinci- 
dental. The point at 374°K represents diffusion in a multi- 
crystalline mass of monoclinic crystals, since it was probably 
transformed very soon after being brought to temperature. 


* This work was supported in part by the AEC. 
1W. Boas and P. J. Fensham, Nature 1127 (December 31, 1949). 





Energy Difference between the Two Rotational 
Isomers of Propylene Dichloride 
YONEZO MorIno, IcHtRO MiryAGAWA, AND TOSHIO HAGA 


Chemical Laboratory, Faculty of Science, Tokyo University, Tokyo, Japan 
(Received April 10, 1951) 


A. ORIANI and C. P. Smyth! presented the result of the 

e measurement of the dipole moment of propylene dichloride 
CH;—CHCI—CH,CI in the gaseous phase at various tempera- 
tures. They discussed their result by assuming the potential 
function of the form V=Vo(i—cos@)/2 and obtained 25,000 
cal/mole for Vo. Evidently, their treatment must be revised, 
because the Raman spectra? of this compound revealed that it has 
at least two rotational isomers, while the function assumed by 
them has only one minimum at the érans position. Recent evi- 
dence’ indicated that there exist three minima in the potential 
function for the rotation around the C—C bond, the minimum 
positions being the staggered ones, of which the rans and the 
gauche positions are realized for disubstituted ethanes.‘ According 
to this view, three isomers would be possible for propylene 
dichloride: one ¢rans form and two gauche forms with respect to 
the relative positions of the two chlorine atoms. We designate 
them as #-, g-, and g’-forms, respectively, as shown in Fig. 1. 


teform e-forn e'-form 


Fic. 1. Molecular configuration of propylene dichloride. 


The g-form differs from g’-form in the position of the methyl 
group; i.e., in the former the methyl group is situated at the trans 
position to the chlorine atom, while in the latter it is at the gauche 
position. It would, however, be seen that it is impossible or 
almost impossible for the g’-form to exist, since in this form the 
chlorine atom is at the gauche position both to another chlorine 
atom and to the methyl group; and, therefore, it may be more 
unstable than the g-form. This is also justified by the fact that 
1,1,2-trichloroethane® consists of only one isomer which corre- 
sponds to g- or ¢-form, but not g’-form. Therefore, we can assume 
that propylene dichloride is a mixture of the #- and g-forms, but 
does not include g’-form. Thus, the energy difference of the two 
rotational isomers and the moment of the g-form can be obtained 
from the observed values of the dipole moment of this compound 
at several temperatures by the same method as that applied to 
ethylene dihalides.‘ In this calculation, it is necessary to use the 
value of the moment of the ¢-form. Of course, the moment of the 
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t-isomer is very small; but, since we have no means of knowing 
its exact value, we shall assume some plausible values: e.g., 0.0, 
0.2, 0.4, and 0.6D. For any one of these values the observed 
values by Oriani and Smyth are a very close fit to the calcu- 
lated values, and the values of the energy difference of the two 
isomers is 950-1050 cal/mole, and the dipole moment of the 
g-form is obtained as 3.18-3.19D for the range of the moment 
values of the ¢-isomer stated above. 

The fact that the energy difference in propylene dichloride is 
smaller than that in ethylene dichloride (1200 cal/mole)‘ indicates 
the presence of the steric repulsion between the methyl group and 
the chlorine atom situated at the gauche position in the ¢-form, 
which makes the ¢form unstable, whereas the corresponding 
term in the g-form is very small, since they are situated at the 
trans position. Thus, AE decreases as compared with that of 
ethylene dichloride. 

The increase of the moment of the g-form (3.19D) in comparison 
with that of ethylene dichloride’ (2.55D) is considered to be due 
to the induction effect in the methy] group by the C—C] bond 
moment. By an empirical rule proposed by us® it is calculated to 
be 3.00D, which is in fairly good agreement with the observed. 

If the g’-form is taken into account, the calculation becomes 
more elaborate; but it can be easily shown that the qualitative 
features are not changed by the consideration of the existance of 
the g’-form. 

R. A. Oriani and C. P. Smyth, J. Chem. Phys. 17, 176, o- 

T° Kahovec and J. Wagner, Z. physik. Chem. B47, 48 ( 

3 Mizushima, Morino, Kawano, and Otiai, Sci. Papers Ang Phys. Chem. 
Research (Tokyo) 42, 1 (1944); S. Mizushima and Y. Morino, Bull. Chem. 


Soc. Japan 17, 94 (1942). 
« Mizushima, Morino, Watanabe, Simanouti, and Yamaguchi, J. Chem. 


Phys. 17, 591 (1949). 
4. Thomas and W. G. Gwinn, J. Am. Chem. Soc. 71, 785 (1949). 
® 


orino, Miyagawa, and Oiwa, Botyu-kagaku 15, 181 (1950). 








Interpretation of Nuclear Quadrupole 
Couplings in Molecules 


WALTER GORDY 
Department of Physics, Duke University, Durham, North Carolina 
(Received April 2, 1951) 


ROM an examination of nuclear quadrupole couplings in a 

number of molecules Townes and Dailey! have assigned 18 
percent s character to the bonding orbital of Cl in IC], CH;Cl, 
and CICN, and pure -bonding orbitals to Br and I in similar 
molecules. Such a large Cl hybridization in a weak bond like ICI 
(51 kcal/mole) is surprising, especially since no corresponding 
hybridization was found in similar molecules for Br and I. I 
have reexamined the cases considered by Townes and Dailey with 
the more recent coupling data on other molecules and find that 
it is possible to obtain a self-consistent interpretation of the 
couplings by assuming pure -bonding orbitals for Cl, Br, and I, 
except when they are combined with the first-period elements 
C and F. The results are summarized in Table I. 

For Cl, the coupling per # electron is accurately known from 
atomic beam measurements. This allows a direct evaluation of 
the number of unbalanced electrons of Cl] in various molecules 
from the coupling data. The case of BrCl is particularly revealing 
because the observed Cl coupling sets an upper limit of 6 percent 
both for the s character of the C] bonding orbital and the ionic 
character of the bond. Since from the electronegativity difference 
in this molecule a few percent ionic character is expected, the Cl 
bonding orbital is certainly close to a pure # orbital. Furthermore, 
it is improbable that the hybridization in ICl, which has a weaker 
bond, would be greater than that in BrCl. The assumption of pure 
p orbitals in these molecules gives couplings per / electron for Br 
and I which are consistent with the observed couplings in other 
molecules. These couplings yield the new values of the quadrupole 
moments of the Br and I isotopes listed in Table IT. 
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TABLE I. 








Percent ionic 





character** 
; , Percent s From From 
Molecule eQq in Mc/sec U,;* character** e¢Qq¢ |xa—xp| 
C55 (coupling per Up = —110.4 Mc/sec)*® 
FCl —146.0> 1.33 18 41 (40) 
BrCl —103.6° 0.94 0 6 10 
ICl —82.54 0.75 0 25 25 
TICI —15.79¢ 0.14 0 86 80 
NaCl <if <0.01 0 ~99 100 
CHCl —75.158 0.68 10 25 25 
GeH:Cl —43h 0.39 0 61 65 
Br (assumed coupling per Up =800 Mc/sec) 
FBr 1089.0: 1.36 18 44 (50) 
BrCl 876.8¢ 1.09 0 6 10 
NaBr <if <0.01 0 ~49 95 
CH;3Br 577.08 0.72 10 20 15 
GeH;3Br 380i 0.47 0 53 55 
I27 (assumed coupling per Up = —2150 Mc/sec) 

Is (solid) —2153* 1.00 0 0 0 
ICL —29444 1.37 0 25 25 
CH3l —1931.5« 0.90 10 0 0 
Snlj (solid) —1363« 0.63 0 37 40 








* U>» signifies number of unbalanced ? electrons. 

** The ionic character in column S is calculated from eQq with the assumed 
s character of column 4; that in column 6 from |x4—xg|/2, using the 
electronegativities of Pauling with the following exceptions: the value for 
Tl, 1.4, not given by Pauling, is from a force constant relation applied 
to the halides [W. Gordy, J. Chem. Phys. 14, 305 (1946)], and the values 
for Cl and Br in FCI and FBr are arbitrarily lowered 0.2 to correct for the 
large hybridization. Some justification of the latter is that the |x4 —xp| 
obtained by the Pauling method for FCI is 0.82. 

a Evaluated from the atomic beam measurements of Davies, Feld, 
Zabel, and Zacharias, Phys. Rev. 73, 525 (1948). 

> Gilbert, Roberts, and Griswold, Phys. Rev. 76, 1723 (1949). 

¢* Smith, Tidwell, and Williams, Phys. Rev. 79, 1007 (1950). 

4 Townes, Merritt, and Wright, Phys. Rev. 73, 1338 (1948). 

¢ Lee, Carlson, Fabricand, and Rabi, Phys. Rev. 78, 340 (1950). 

f W. A. Nierenberg and N. F. Ramsey, Phys. Rev. 72, _ (1947). 

& Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (194 

b Dailey, Mays, and Townes, Phys. Rev. 76, 136 (949) 

i Smith, Tidwell, and Williams, Phys. Rev. 77, 420 (1950). 
a . om Prichard, Thomas, Mays, and Dailey, Phys. Rev. 79, 189 
k Reference 7. 





The assumption of pure » bonds in BrCl, ICI, and similar 
molecules leads to a relation between ionic character and electro- 
negativity difference which departs markedly from the relation 
determined from dipole moments by Pauling? and also from the 
proposed revision of it by Townes and Dailey.’ A resulting plot 
suggests that the relationship is a direct proportionality. The 
convenient formula, 

y= |xa—xp|/2, 
where y is the ionic character, and |x4—xg| is the electronegativity 
difference, can therefore be used to estimate ionic character.‘ 

There is evidence (see Table I) for significant hybridization in 
Cl, Br, and I when they are combined with the first-row elements 
C and F. Because of the change of electronegativity, and hence 
of ionic character, with hybridization, the amount of this hybrid- 
ization can only be approximated. For FCI the electronegativity 
difference 0.82 obtained by Pauling® for this particular bond is 
used rather than 1.0. A similar lowering of |x4—xg| in FBr and 
an increase of this quantity in CH;Cl and CH3Br would result 
from the hybridization. Also, contributions from X-=Ft may 
cause the hybridization in the fluorides to be overestimated. 

Because of greater uncertainties arising from the necessity of 
assuming an additional parameter, such molecules as HCCCI and 
CICN, which have significant double bond character, are omitted 


TABLE II. Nuclear quadrupole moments. 











Townes and Dailey New value 
Br79 +0.28 X10-*% cm? +0.31 X10~* cm? 
Br®! +0.23 +0.26 
[127 —0.75 —0.65 
[29 —0.478 








® Determined from I° coupling by Livingston, Gilliam, and Gordy, 
Phys. Rev. 76, 149 (1949). 
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from Table I. It should be pointed out, however, that Duchesne’s 
interpretation® that the marked bond shortening in these mole- 
cules is caused primarily by hybridization in the halogen rather 
than by double bond character is not in accord with their nuclear 
quadrupole couplings. 

It is interesting that the results on Ip and Snl, in the solid 
state, by Dehmelt,’ harmonize so well with the results on gases. 
For I, this agreement is surprising considering the large value 
0.15 found by Dehmelt for the asymmetry parameter, «. The 
implication is that the bond in solid I, is essentially a pure p 
covalent bond like that in the gas and that the observed asym- 
metry is caused mainly by orbital distortions. Dehmelt also found 
the I coupling in solid ICI to be very close to that of the gaseous 
phase. 

1C, H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 (1949). 

2L. Pauling, Nature of the Chemical Bond (Cornell University Press, 
Ithaca, New York, 1939), p. 70. 

*C. H. Townes and B. P. Dailey, Phys. Rev. 78, 346 (1950). 

4 The large primary dipole moments predicted by this relation for the 
hydrogen halides are evidently reduced to the observed values by polar- 
ization and overlap moments. From molecular orbital theory R. S. Mulliken 
[J. Chem. Phys. 46, 498 (1949)] predicts 0.3D for the polarization moment 
and 1.38D for the overlap moment of HCl, both in opposition to the 
primary moment, which from the present relation is 2.8D. The resultant, 
1.1D, is in good agreement with the observed value, 1.03D. 

5 L. Pauling, reference 2, p. 59. 


sj. _—— J. Chem. Phys. 19, 246 (1951). 
7H. G. Dehmelt, Naturwiss. 37, 398 (1950). 





A New Calculation of the Latent Heat of 
Sublimation of Carbon and the First 
C—H Dissociation Energy in 
Methylene from Electron 
Impact Data 
F. H. FreEtp 


Department of Chemistry, University of Texas, Austin, Texas 
(Received April 10, 1951) 


CCORDING to Smith,’ CH* ions are formed in the mass 
spectrum of methane by means of the following mechanism: 
CH,+e—-CH*t+3H+2e. Then the following energetic relation- 

ships pertain : 
A(CH*) = D(CH-—3H)+/(CH), (1) 


where A(CH?*) is the appearance potential of CH* in the methane 
mass spectrum, D(CH—3H) is the energy needed to remove three 
hydrogens from methane, and J(CH) is the ionization potential 
of the CH radical; and 


D(CH—H)= D(CH—3H)— D(CH;—H)— D(CH:—H), (2) 


where D(CH,—H) is the energy required to remove a hydrogen 
atom from CH,.4:. Using Smith’s value of 23.4+0.6 ev for 
A(CH*), Douglas and Herzberg’s? value of 11.13+0.22 ev for 
I(CH), and the well-known value*® of 101 kcal/mole (4.4 ev) 
for D(CHs3—H), one calculates D(CH—H) values of 88 kcal/mole 
(3.8 ev) or >93 kcal/mole (4.0 ev) depending on whether the 
vale of D(CH:—H) is taken to be 92 kcal/mole,‘ which results 
from electron impact studies on methane, or <87 kcal/mole as 
proposed by Laidler and Casey.® 

The value for D(C—H) is accepted to be 80 kcal/mole,® and 
thus the values for the C—H dissociation energies in methane 
are either 101, 92, 88, and 80 kcal/mole or 101, <87, >93, and 
80 kcal/mole for D(CH;—H), D(CH:—H), D(CH—H), and 
D(C—H), respectively. The heat of atomization of methane 
obtained by summing either of these sets of dissociation energies 
is 361 kcal/mole, with a corresponding value for the heat of 
sublimation of carbon of 139 kcal/mole. This vaiue of L(C), 
which in the last analysis depends on the value of A(CH*), ‘is in 
accord with those of 135, 141, and 144 kcal/mole, which can be 
calculated’? from Smith’s' values for the appearance potentials of 
Ct(A(C*)), C-, and Ht in the methane mass spectrum. It 
constitutes further evidence against the 171-kcal/mole value 
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which has been proposed for L(C), for if the latter is correct, 
A(CH?*) is 31 kcal/mole low, which is very unlikely in view of the 
recognized tendency of electron impact methods to give high 
results. 

The value of L(C) calculated here can be reconciled either with 
the value of 125 kcal/mole proposed by Herzberg® or that of 
136 kcal/mole proposed by Hagstrum™ by postulating that 
Smith’s value of A(CH*) contains either 14 or 4 kcal/mole of 
“excess” energy. The close agreement between the L(C) values 
from A(CH*) and A(C*t) (139 and 135 kcal/mole) provides 
evidence in favor of the presence of the smaller amount of “excess”’ 
energy. The 4 kcal/mole discrepancy which does exist between 
these two values is most logically attributed to the formation of 
CH* in an excited vibrational state. Thus if the 125 kcal/mole 
value for Z(C) be correct, further excess energy in A(CH*) and 
A(Ct) must be present and in essentially the same amounts. 
However, in view of the different natures of the ions and the 
different ionization processes involved in their formation, such 
equality would be surprising, and it is more reasonable to consider 
that no further excess energy is involved. 

As an indication that an argument of this sort is valid, if one 
calculates D(C—H) from the electron impact data on methane, 
one obtains a value of 76 kcal/mole. An analysis of the method 
of calculation shows that the deviation from the accepted value 
of 80 kcal/mole is most probably explained either by A(CH*) 
being high or A(C*) being low. If the latter be the case, the 
correct value of L(C) is clearly greater than 125 kcal/mole, 
whereas if the former be the case, the above arguments concerning 
the absence of appreciable amounts of “‘excess’”’ energy must be 
essentially correct. 

It is considered that there is a greater probability of A(CH*) 
being high than of A(C*) being low, and so it is postulated that 
all of the 4-kcal/mole discrepancy between the values of D(C—H) 
results from “excess” energy of A(CH*). On correcting for this 
energy, D(CH—H) becomes either 84 or >89 kcal/mole, while 
the heat of atomization of methane and the heat of sublimation 
of carbon become 357 and 135 kcal/mole. The latter value pro- 
vides excellent support for Hagstrum’s value of 136 kcal/mole. 

1L. G. Smith, Phys. Rev. 51, 263 (1937). 

2 Douglas and Herzberg, Can. J. Research 20A, 71 (1942). 

3 Anderson, Kistiakowsky, and Van Artsdalen, J. Chem. Phys. 10, 305 
(1942); E. R. Van Artsdalen, J. Chem. Phys. 10, 653 (1942); H. C. Ander- 
son and G. B. Kistiakowsky, J. Chem. Phys. 11, 6 (1943); H. C. Anderson 
and E. R. Van Artsdalen, J. Chem. Phys. 12, 469 (1944); E. T. Butler and 
M. Polanyi, Nature 146, 129 (1940); Trans. Faraday Soc. 39, 19 (1943); 
E. C. Baughan and M. Polanyi, Nature 146, 685 (1940); Trans. Faraday 
Soc. 37, 648 (1941); Baughan, Nature 147, 542 (1941); Baughan, Evans, 
and Polanyi, Trans. Faraday Soc. 37, 377 (1941); D. P. Stevenson, J. 
Chem. Phys. 10, 291 (1942); J. Am. Chem. Soc. 65, 209 (1943). 

. H. Voge, J. Chem. Phys. 16, 984 (1948). 
K. J. Laidler and E. J. Casey, j. Chem. Phys. 17, 1087 (1949). 

‘ G. Herzberg, Molecular Spectra and Molecular Structure. I. Spectra of 
a Molecules (D. Van Nostrand Company, Inc., New York, 1950), 
p. 518. 

7 These values differ slightly from those given by Smith because of the 
use in the calculations of newer values of the thermochemical quantities. 

8 A. G. Gaydon, Dissociation Energies (John Wiley and Sons, Inc., New 
tigen), 1947), p. 187; Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797 

1 
9G. Herzberg, Chem. Revs. 20, 145 (1937); J. Chem. Phys. 10, 306 


(1942). 
0 H. D. Hagstrum, Phys. Rev. 72, 947 (1947). 





On the Size, Shape, and Hydration of Southern 
Bean Mosaic Virus and Tobacco Necrosis 
Virus in Solution* 

B. R. LEONARD, JR., J. W. ANDEREGG, PAUL KAESBERG,T 

SHULMAN,t AND W. W. BEEMAN 


Department of Physics, University of Wisconsin, Madison, Wisconsin 
(Received April 16, 1951) 


E have measured the small angle x-ray scattering! from 

the plant nucleoproteins, southern bean mosaic virus, and 
tobacco necrosis virus (Fulton’s strain F)? in dilute aqueous 
solution. The techniques used were similar to those of Ritland, 
Kaesberg, and Beeman. 
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An analysis of the scattering at the smallest angles, where the 
Guinier approximation is assumed to hold, yields a value of the 
radius of gyration of 111A for SBMV and 119A for TNV. If the 
molecules are spherical, their radii are then 143A and 154A, 
respectively. 

The angular distribution of scattered intensity from spherical 
particles of uniform electron density is given by the well-known 
function : 

T(6)aIo{[sin(kR) —(kR) cos(kR) ]/(AR)5}?, 
where k=4m sin@/, @ is one-half the angle of scattering, \ the 
x-ray wavelength, and R the particle radius. We observed the 
first five secondary maxima of this function in the scattering 
from SBMV and the first three from TNV. This is strong evidence 
for the sphericity of the virus molecule. 

From the angular positions of the secondary maxima and 
minima we obtain a particle radius of 149+-3.3A for SBMV and 
150+2.8A for TNV. These are in agreement with the less accurate 
radii obtained from the scattering at smaller angles. 

Sedimentation, diffusion, viscosity, and partial specific volume 
determinations have been made on SBMV by Miller and Price.* 
They obtain a pycnometric partial specific volume of 0.696 ml/g 
and an anhydrous molecular weight of 6.63 millions. These 
correspond to a molecular volume of 7.66X 10~'* cm for the dry 
protein. Our results, which indicate that the molecule in solution 
is a sphere of radius 149A, give a molecular volume of 13.8 107'8 
cm, The difference in volume between the wet and dry molecule 
seems to be much larger than can be explained by uncertainties 
in the data. It is presumed to be due to internal water of hydration. 
This appears to be the first direct evidence of internal hydration 
of a protein molecule. If the internal water has the same density 
as free water, our results give an internal hydration of 0.55 g of 
water per g of protein. Assuming the total hydration value of 
Miller and Price, of 0.83 g of water per g of protein we obtain an 
external hydration of 0.27 g of water per g of protein, corre- 
sponding to a layer of water 7A thick. 

Electron micrographs of single particles of SBMV indicate 
that the dry molecules are spheres with a radius‘ of about 125A. 
Electron micrographs taken by us of the two viruses used in 
these investigations indicate spheres of radius of about 130A. 
Such spheres have a volume in good agreement with the dry 
volume determined by Miller and Price. From the electron 
microscope and x-ray data one concludes that the virus particles 
retain their spherical shape, but shrink considerably, on drying. 

We have determined the sedimentation constant for the TNV, 
and it is in agreement with that for SBMV. The evidence indicates 
that SBMV and TNV are very similar in . their size, shape, and 
hydration. 

We wish to thank Dr. Max Lauffer of the Biophysics Depart- 
ment of the University of Pittsburgh, who furnished the purified 
sample of SBMV used in this investigation, and Dr. R. W. Fulton 
of the Horticulture Department of the University of Wisconsin, 
who furnished the infected tobacco leaves from which the TNV 
was obtained. 


* Research supported in part by the ONR. 

+ Department of Biometry and Physics, University of Wisconsin. 

t Department of Chemistry, University of Wisconsin. 

1 Ritland, Kaesberg, and Beeman, J. —— Phys. 18, 1237 (1950). 
A. Guinier, Ann. physique 12, 161 (1939). O. Kratky, J. Polymer Sci. 3 
195 (1948). 

2R. W. Fulton, Phytopathology 40, 298 (1950). 

3G. L. Miller and W. C. Price, Arch. Biochem. 10, 467 (1946). 

4 Price, Williams, and Wyckoff, Science 102, 277 (1945). 





Acidity and the Systems of Acids and Bases 
RICARDO DE CARVALHO FERREIRA 
Escola de Quimica, University of Recife, Brazil 
(Received April 17, 1951) 

N acid following Brgnsted! is a molecule or ion which can 
give protons to a base. An acid following Lewis? is a molecule 
or ion which can receive an electron pair from a base in the 
valence codrdination or resonance shell of one of its atoms. Lewis 
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himself pointed out that his definition includes the Brgnsted acids 
as a particular type (proton acids), and Luder*® has repeatedly 
shown that the proton donors must be included in the electron 
acceptors. However, many chemists still differentiate the two 
kinds of acids; and Bell‘ has suggested that the term acid should 
be applied only to the Brgnsted acids and that the Lewis acids 
should be called acceptors. Kolthoff> gave detailed reasons for 
that sharp distinction. He argued that a molecule such as HCl 
cannot be considered to be a Lewis acid, because a hydrogen atom 
cannot form more than one pure covalent bond,‘ i.e., the hydrogen 
atom in the molecule HCl (considering the bond H—Cl as a pure 
covalent one) cannot accept an electron pair from a base. How- 
ever, the ionic aspect (H*CI-) of the resonating structure of the 
hydrogen chloride permits this molecule to use its proton to a 
small extent in the formation of weak hydrogen bonds, and in this 
sense the hydrogen chloride molecule itself might be considered 
to be a Lewis acid.” Therefore, accepting this broader point of 
view on the nature of the chemical bond we may include the 
proton donnors in the electron pair acceptors. 

The fact that the Br¢gnsted acids are only a particular type of 
the Lewis acids do not necessarily lead to the inclusion of the 
Br¢gnsted acidity in the Lewis acidity. The Brgnsted acidity is 
defined as the tendency of a molecule or ion to donate a proton 
to a base, and it is expressible, for a given base, by the free-energy 
change of ionization of the acid. The Lewis acidity is defined as 
the tendency of a molecule or ion to receive a basic electron pair 
in the valence, coordination or resonance shell of one of its atoms. 
Bartlett and Dauben, Jr.,? have shown that for a series of substi- 
tuted phenols the two kinds of acidity do not run completely 
parallel. 

It is also well known that in the reaction, 


HX +H,0—X~-+H;0 df 


where X is a halogen, the Brgnsted acidity increases in the order 
HF, HCl, HBr, HI, whereas the Lewis acidity follows the inverse 
order, that is, the order of increasing ionic character of the bonds 
H—X.? This results from the fact that the Lewis acidity in this 
case is solely determined by the partial positive charge of the 
hydrogen atom. The Brgnsted acidity, on the other hand, is 
influenced by many other factors (hydration of the molecule HX 
and of the ions X~ and H*, complex formation between two 
molecules HX, etc.). Since the two processes are not thermo- 
dynamically equivalent, we cannot include the Br¢gnsted acidity 
in the Lewis acidity. Thus, we may conclude that although the 
Lewis definition for acids includes the Br¢nsted acids, we must 
study the two kinds of acidity separately. 

1 Brgnsted, Chem. Revs. 5, 284 (1928). 

2 Lewis, J. Franklin Inst. 226, 293 (1938). 

3 Luder, Chem. Revs. 27, 547 (1940). 

4 Bell, Quart. Revs. 1, 113 (1947). 

5 Kolthoff, Chem. Eng. News 27, 835 (1949). 

6L. Pauling, The Nature of the Chemical Bond (Cornell University Press, 
Ithaca, New York, 1940), second edition, p. 31. 

7L. Pauling, private communication (1948). 


8 Bartlett and Dauben, Jr., J. Am. Chem. Soc. 62, 1339 (1940). 
9R. Ferreira, Anais assoc. quim. Brazil 9, 31 (1949). 





Erratum: Rotation-Vibration Spectra of Diatomic 
and Simple Polyatomic Molecules with Long 
Absorbing Paths. IV. The Spectrum of 

Methyl Fluoroform (CH;CF;) from 


19u to 0.7u 
[J. Chem. Phys. 18, 1538 (1950) ] 


R. D. Cowan, G. HERZBERG, AND S. P. SINHA 


University of Chicago, Chicago, Illinois, and National Research Council, 
Ottawa, Canada 


HE two sentences at the bottom of page 1541 of the above- 
mentioned article should read as follows: 


“The frequencies 2975 and 1409 cm are due to the sym- 
metric CH stretching and CH; deformation vibrations, 
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respectively, while 3034 and 1442 are due to the corresponding 
degenerate vibrations. Thompson and Temple* considered 
1408 and 1442 as forming »s(e) with the degeneracy removed 
and adopted v2(a;)=1278 cm7.” 





Point of Condensation and the Volume 
Dependency of Cluster Integrals 
SHIGETOSHI KATSURA 
Faculty of Engineering, Téhoku University, Sendai, Japan 
AND 
HISAKI FUJITA 
Faculty of Science, Téhoku University, Sendat, Japan 
(Received April 17, 1951) 


HE method of cluster integrals was developed by Mayer,! 
Kahn and Uhlenbeck,? Born and Fuchs,’ and others, to 
discuss the condensation of the imperfect gas. They paid, however, 
little attention to the volume dependency of the cluster integrals 
and were led to several defects. For example, the treatment of 
the liquid phase was unsatisfactory, for the pressure variation in 
the liquid phase relates to the volume dependency of the-cluster 
integrals directly. From our point of view, the volume dependency 
of the cluster integrals plays a dominant role also in determining 
the point of condensation. 
The cluster integral, 


b=1/1!V J + | VIL fexpl—a(rij)/kT]—1}dtidte- - «dei, 
yee 


depends on the volume of the system V from the definition, 
though its variation becomes smaller when V is far greater than 
the volume of the molecular interaction. The former theories 
stated that 


@ 


p/kT = > lim bi(V)z!= (2) 


l=1 Vo 


1/o= D1 lim by(V)z'=2x'() mt(2), 


l=1 V7o 


and that their common singularity z, would give the point of 
condensation. But the logical consideration leads us to the 
statement that 


p/kT= lim 2 b(V)z'=x..(z) and 1/o= lim 2 1b,(V)z'=f.(z). 
V>@ 1=1 V+ l=1 

The former and the latter are not necessarily equal. The point of 

condensation should be given by the irregular point of the latter, 

which is denoted by 2*. 


If 2 b,(V)c! converges to a function, x.(z), that consists of 
i=1 


two smooth functions combined at z* and its gradient discontinu- 
ously increases there (Fig. 1a), then ¢..(z) has a jump (Fig. 1b) 
and consequently the isotherm has a horizontal part. On the 
other hand, the method of the generating function’~* cannot give 
the isotherm of the liquid phase even if z*=z,. 

We can prove that ¢..(z) is equal to ¢(¢) when 0=z=Min(z*, z.) 
=2*, At z=z*, [.(z) has an angle or a jump, or become infinite, 
while x(z) is regular also in 2*=2<z,. (If b:(V) is always positive 
and increasing monotonously with V to the limit value ;, then 
2* = Se.) 

We expect that the real behavior of b;(V) is very complicated 
as shown in Fig. 2 (or like this) when V </v9 (vo represents the 
volume of the molecular interaction), and that such complicated 
dependency of b;(V) on V is the essential factor of the conden- 
sation. 

In fact, we can show an example that the value of ¢£..(z) shows 
a transition from the value of the first branch (on the Riemannian 


2) 
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Fic. 1. Behavior of x.(z) and f(z) plotted against z 
for a condensing system. 


surface) of ¢(z) to one of the third branch at the point z=2* by 
taking the following },(V), 
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where f(p) is an appropriate analytic function of p. The method 
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Fic. 2. Probable behavior of the cluster integral as a function of volume. 








of the generating function is not adequate for such a state of 
affairs. 

The full discussion will be given in Progress of Theoretical 
Physics shortly. 


1J. E. Mayer, J. Chem. Phys. 67, 5 (1937). J. E. Mayer and M. G. 
Mayer, Statistical Mechanics (John Wiley & Sons, New York, 1940). 

2B. Kahn and G. E. Uhlenbeck, Physica 5, 399 (1938). 

3M. Born and K. Fuchs, Proc. Roy. Soc. (London) A166, 391 (1938). 

* The discussions of this function have been given by the authors. S. 
Katsura and H. Fujita, Prog. Theor. Phys. 5, 997 (1950). 
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Preparation of Zn of High Specific Activity from 
Copper Bombarded with 16-Mev Deuterons* 
C. J. MALETSKos AND E. W. BACKOFEN 
Radioactivity Center of the Department of Physics 
AND 


JouHn W. IRVINE, JR. 


Department of Chemistry, Laboratory for Nuclear Science and Engineering, 
Massachusetts Institute of Technology 


(Received April 9, 1951) 

Bombardment.—The Zn® was prepared by the Cu®(d,2n) 
reaction using 16-Mev deuterons at the MIT cyclotron. The 
target consists of sheet copper, 0.125 inch thick, of commercial 
purity. 

Solution of Target.—After bombardment, the short-lived 
activities of Zn, Cu, and Ni are allowed to decay. The target is 
then carefully coated with several layers of Glyptal (each layer 
is allowed to dry under an infrared lamp), except for a 2-cm strip 
through the center of the bombarded face. The copper sheet is 
immersed in 6N HNO; at room temperature for 15 minutes, 
during which time the exposed surface of the copper is dissolved 
to a depth of 0.25 mm, a depth slightly greater than the range of 
the deuterons in copper. This procedure minimizes the amount of 
copper dissolved and hence the amount of inactive zinc which 
contaminates all commercial copper. The sheet is washed well 
with water, the washings being collected with the nitric acid 
solution. 

Isolation of Zn**.—The nitric acid solution is evaporated to 
dryness twice with 10 ml concentrated H2SO,, and the anhydrous 
CuSO, is dissolved in water. The separation of the bulk copper 
can be accomplished electrolytically using standard procedures. 
electrolytically using standard procedures. An alternative method 
consists of heating the CuSO, solution to about 90°C, bubbling 
in SO2, and adding an excess of solid NH,I to precipitate the 
copper as CuzI2. The solution is cooled, and the CuzI, filtered out. 
The solution from either procedure is evaporated to dryness and 
taken up in 100 ml 0.3N HCI. It is heated below the boiling point 
and gassed with H.S for } hour to remove any trace of copper 
as CuS. 

The filtrate is evaporated to dryness, taken up in about 10 ml 
water, and filtered, if necessary, before transferring to an extrac- 
tion funnel. Following the procedure of Vallee and Gibson,! a few 
drops methyl red indicator and 20 ml sodium potassium tartrate 
solution (0.71M) are added, and the fH is adjusted to 5.5 (peach 
color) with NaOH. Fifty ml acetate buffert are added and the 
color allowed to fade (approximately for $ hour) to prevent color 
interference during the extraction. The solution is extracted with 
successive 15 ml portions diphenylthiocarbazone (dithizone) 
(0.1 g/l) in CCl, until the CCl, layer retains its original green 
color (red when complexed wit) zinc). The remote control extrac- 
tion equipment is shown and described in Fig. 1. If any y-ray 
activity remains in the aqueous layer, more extractions are carried 
out with dithizone diluted to 0.01 g/l until the green color of 
the CCl, layer is retained. 

The combined zinc dithizonate fractions in CCl, are agitated 
with several aliquots of approximately 0.05N HCl until the green 
color reappears in the CCl, layer and the activity is transferred 
to the aqueous phase. The acid fractions are combined and 
extracted with CCl, to wash out small traces of dithizone.The 
acid layer is evaporated to dryness and taken up in water to the 
dilution desired. 

Precautions.—General precautions for the cleaning of glassware, 
preparation of solutions, etc., with particular reference to mini- 
mizing zinc contamination, are given in reference 1. 

A test for zinc in water can be made as follows: Place 10 ml 
H,0 in a glass-stoppered Erlenmeyer flask. Add 10 ml! buffer 
solution (no indicator is necessary). Add 5 ml] 0.01 g/1 dithizone 
solution, stopper the flask, and shake well. The color of the 
dithizone layer varies from green to pink in the range of ly to 
107 Zn in the total test solution. A difference in the shade of 
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Fic. 1. Remote control extraction funnel. The aqueous solution of Zn*5 
and the CCl, solution of dithizone are placed in the funnel. With the two- 
way stopcock open to position No. 2, stopcock No. 1 is opened slowly 
until the agitation rate is vigorous. When the agitation is completed, 
No. 1 is closed and No. 3 opened. The CCl« layer containing the Zn® is 
withdrawn through No. 1. The funnel is mounted behind a lead shield, 
and No. 1 is operated by a slotted rod. 


green of the dithizone layer of 10 ml zinc-free water and that of 
a ly Zn/10 ml standard can be detected. 

Results.—Analysest of the copper showed that zinc was present 
to the extent of 0.005 percent. This leads to a value of approxi- 
mately 0.15 mg zinc in the final preparation. Actually, 0.5 mg 
zinc was found, the remainder being attributable to the large 
quantities of reagents and to the glassware used. 

By using this procedure specific activities as high as 130 mc/mg 
have been obtained with a 90 percent recovery of the original 
Zn® activity. 

* This work has been supported in part by the joint f th 
on ee! pp pa y the joint program o e 

1B. L. Vallee and J. G. Gibson, II, J. Biol. Chem. 176, 435 (1948). 

_ t The acetate buffer: 556 g Na2S2O«, 90 g NaAc, and 10 g KCN dissolved 
in approximately 1 liter H2O, titrated with HAc to pH 5.5, and made to 
volume of 2 liters. 


t We wish to thank Dr. John G. Gibson, II, of the Harvard Medical 
School, for the zinc analyses. 





Role of Oxide Composition in Oxidation of Nickel 
and Cobalt 


ROBERT L. TICHENOR 
Thomas A. Edison, Inc., West Orange, New Jersey 
(Received April 9, 1951) 


OORE and Lee! found the rate of oxidation of cobalt at 
500-800°C in oxygen to be 25 times greater than that of 
nickel although the activation energy is the same for both reac- 
tions. To explain this difference in rates, they assumed that the 
oxidation rate is proportional to the fraction, f, of vacant cation 
sites in the oxide at the oxide-oxygen interface. Only a fraction 
of the oxide surface is assumed to be effective in ionizing oxygen, 
and they postulate that this fraction (and, hence, f) is 25 times 
greater for cobalt oxide than for nickel oxide. 

An alternative explanation accepts the view that cobalt oxide 
near the oxygen interface has a much larger proportion of cation 
vacancies than the corresponding nickel oxide. However, it 
attributes this difference to the higher oxygen content of cobalt 
oxide under equilibrium conditions rather than to differences in 
rates of ionization of oxygen. As Table I indicates, this increase 
in oxygen content leads to larger values of f with resulting higher 
rates of cation diffusion in spite of smaller values of D, the cationic 
diffusion coefficient. 
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TABLE I, 








Coz0. (with the 


CoO structure) NiO1.005 





No. of empty cation sites among the 


nearest neighbors of a cation vacancy 2.25 none 


2 (Nil) 
10 (Nill) 


10/12 


3.25 (ColV) 
6.5 (Coll) 


6.5/12 


No. of cations adjacent to a cation vacancy 


Relative values of D 


Proportion of cation vacancies among all 


cation sites, f 0.005 


(10/12)0.005 


0.25 
Relative probability of cation diffusion, Df  (6.5/12)0.25 


Rate of diffusion of cations in Co3;0.4/rate of diffusion of cations in NiOuoos. 
(DA)co _(6-5)(0.25) _ 


“(Di (10)(0.005) 











These calculations are based on the following postulates and 
simplifications: (1) NiO;.005 is the composition of nickel oxide 
roasted in air.? (2) NiO and CoO have the sodium chloride crystal 
structure. (3) CoO with the sodium chloride lattice can be oxidized 
nearly to the composition of CoO, before the Co;0, structure is 
produced.’ (4) Cobalt exists as Co! and Co! in its oxide (not as 
Co!!!) while Ni is present as Ni!! and Ni!!! in NiOj.00s.4 (5) The 
slow process in cation diffusion through the cobalt oxide film is 
passage through the part of the film having the CoO structure; 
if the outer layer of oxide has the Co;O, structure, diffusion 
through it occurs rapidly because it has the open spinel structure 
in which only 3 of the interstices between oxygen atoms are 
occupied by cations.‘ (6) The cation of lowest valency has the 
greater rate of diffusion so that the movement of Co!Y and Ni!!! 
can be ignored. (7) The rate at which a cation jumps into an 
adjacent vacancy is independent of the proportion of vacancies 
up to 0.25. 

In view of the assumptions made, the agreement between the 
calculated relative rates of diffusion and the observed relative 
rates of oxidation is quite good and can be taken as evidence 
that the mechanism proposed is correct. It should be noted that 
this comparison is based on the assumption that D and the 
gradient of f are constant throughout the oxide film on an oxidizing 
metal. The theory predicts, however, that D increases as f de- 
creases. 


1W. J. Moore and J. K. Lee, J. Chem. Phys. 19, 255 (1951). 

2M. C. Boswell and R. K. Iler, J. Am. Chem. Soc. 58, 924 (1936). 

3M. le Blanc and J. E. Moebius, Z. physik. Chem. 142, 151 (1929); 
Physik. Z. 32, 887 (1931). 

4E. J. W. Verwey and P. W. Haayman, Physica 8, 979 (1941); J. H. 
S nt oan, E, J. W. Verwey, Proc. Phys. Soc. (London) 49, Extra Part, 
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The Emission Spectra of First-Stage 
Combustion in an Engine 
H. P. Brora, W. J. LEVEDAHL, AND F. L. Howarp 


National Bureau of Standards, Washington, D. C. 
(Received April 16, 1951) 


EVERAL investigators have observed that the process of 
auto-ignited combustion in a motored engine is comprised of 
two distinct stages. The first stage occurs at low temperature, ap- 
proximately 400°C, and is characterized by low intensity emission 
of light. Emission spectra of this first-stage reaction have been 
photographed for the first time in an experimental engine without 
spark ignition. The emitter of this radiation has been identified 
to be the same as the source of cool flame and formaldehyde 
fluorescence radiation. 

In order to obtain these spectra the engine, which has been 
described in more detail elsewhere,! was driven at 1200 rpm by a 
motor. A lean mixture (0.75 stoichiometric) of n-heptane and air 
entered the engine at 105°C. The reactions in the mixture were 
caused solely by adiabatic compression to a peak pressure of 
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132 psis and a temperature of about 400°C. Since the piston 
began moving downward shortly after the first-stage reaction 
began, the expansion of the gases retarded the reaction so that 
the second stage would not occur. 

Light passing through a fused quartz window in the cylinder 
head fell on the slit of a medium-size Hilger spectrograph with 
quartz optics. Five hours, during which some 180,000 reaction 
cycles occurred, were necessary to obtain enough darkening of 
103-F and 103-0 plates so that spectra could be positively identi- 
fied. 

The output from a 931A photomultiplier tube in front of 
another quartz window in the cylinder was observed visually on 
the screen of an oscilloscope. This served as a monitor to make 
certain that only the first stage of the reaction occurred during 
the exposure of the photographic plates. 

Emeleus? first obtained spectra from cool flames of anethesia 
ether in tubes at low pressure. Cool flames with temperature 
below 450°C have since been observed in the combustion of 
many of the higher hydrocarbons, aldehydes, and ethers; and 
spectra of these flames show the same characteristic bands in the 
region’ from 3650 to S5O000A. Since these spectra are identical 
with the fluorescence spectrum of formaldehyde and since chemical 
sampling has shown the existence of formaldehyde in these low 
temperature reactions, it has been assumed that the observed 
spectrum is due to the emission from excited formaldehyde. 
Spectra of the first-stage reaction in the engine were matched 
with published cool flame spectra, and there is little doubt that 
the emitter is the same in both reactions. As might be expected 
at such low temperatures, no evidence was found to indicate the 
presence of any diatomic species. This identification as the 
formaldehyde spectrum in the emission from the first stage of 
combustion in an engine appears to establish that such reactions 
are similar to those which occur in cool flames at low pressure. 

Withrow and Rassweiler* had previously observed formaldehyde 
in the unburned gases immediately ahead of the flame front in a 
spark ignition engine by identification of absorption spectra 
between 3100 and 3500A. However, they did not report any 
emission from this region. 

A more complete article on the emission spectra from the first- 
stage combustion, and also on the spectra taken under firing and 
knocking conditions, is planned. 

1W. J. Levedahl and F. L. Howard, J. Research, Natl. Bur. Standards 
46, 301 (1951). 

2H. J. Emeleus, J. Chem. Soc. 228, 2948-51 (1926). 

3A. T. Gaydon, Spectroscopy and Combustion Theory (Chapman and 


Hall, Ltd., London, 1948), second edition, p. 59. 
4G. M. Rassweiler and L. Withrow, Ind. Eng. Chem. 25, 1359-66 (1933). 





On the Determination of Complex Dielectric 
Constant of Medium Loss Substances in 
the Microwave Region* 


K. V. KRISNA PRASAD 
Nationc' Physical Laboratory, New Delhi, India 
(Received April 13, 1951) 


HE methods'~ employed for the determination of dielectric 
constant and loss factor of liquids for which the loss tangent, 
tané, is between 0.01 and 0.5 use a directional coupler to avoid 
the considerable phase change which results on reflection. The 
calculations involve the method of successive approximations and 
become rather tedious. It has been found that by making use of 
this large phase change on reflection, exact algebraic expressions 
can be obtained for both the dielectric constant and loss factor. 
The determination of these factors is unique in that two sets of 
measurements are made on the same length of the sample. 
Besides, this method has several other advantages. The tedious- 
ness of the calculations mentioned above is removed, the experi- 
mental technique becomes much simpler, the range of tané is 
extended to 0.8, and it can be used for both solids and liquids. 
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The method is based on the well-known property that the 
characteristic impedance of a transmission line is the geometric 
mean of the short-circuit and open-circuit impedances of a section 
of the line of any arbitrary length. The simplicity of the method 
is, however, set by the accuracy of the short-circuit and open- 
circuit terminations at the end of the sample and both these can 
easily be held to a high degree of tolerance—about 0.002 cm for 
the samples used in the present investigation. 

Measurements of the dielectric constant and loss factor of 
organic halides were made in the 3-cm region, and the values 
agree well with those obtained by the earlier investigations.’ The 
measurements were used to compute the distribution of free 
energies of activation, which is a measure of the interaction 
between neighboring molecules. The results indicate an increase 
in the distribution of free energies with the increasing size of the 
molecule and a decrease with increasing temperature. These 
conclusions are in conformity with the assumptions of the semi- 
crystalline structure of liquids. 

* a“ work was done at the University of California at Los Angeles. 
1G. E. Crouch, Jr., : Chem. Phys. 16, 364 (1948). 
2W.H . Surber, Jr., J. Appl. Phys. 19, 514 (1948). 


3H. L. Laquer and C. P. Smyth, J. Am. Chem. Soc. 70, 4097 (1948). 
4 Heston, Hennelly, and Smyth, J. Am. Chem. Soc. 70, 4093 (1948). 





The Photoconductivity of Some 
Triphenylmethane Dyes* 
R. C. NELSON 


Depariment of Physics, Ohio State University, Columbus, Ohio 
(Received April 11, 1951) 


ARTANYAN!' has reported that a number of organic dyes 

are photoconductive when prepared in the form of thin 
continuous films on glass. A suitable preparation may be made 
by evaporating an alcoholic solution of the dye over a scratch 
through a platinum deposit, and evacuating. He gives the ratio 
of conductivity illuminated (200 lux) to dark conductivity as 
being ~1000 in all cases. The writer has found much higher 
ratios for several dyes of the triphenylmethane type (Table I). 
The differences can hardly be accounted for by changes in cell 
geometry. 

A possible explanation is found in the fact that when the mean 
charge of the dye cations is made greater than one by the addition 
of small amounts of strong acids to the solution from which the 
film is prepared, the response to light is greatly decreased. When 
the cation is doubly charged, as in the case of methyl green and 


TABLE I. Conductances of typical preparations of triphenylmethane-type 
dyes illuminated by a tungsten lamp (20 footcandles). 











: ? Conductance 
Common name Ring substituents (para) (25°C) 
Crystal violet* 3 XN(CHs)2 1X<1077 
Malachite green* 2 XN(CHs)2 5 X10-8 
Methyl violet* 2 XN(CHs3)2; NHCHs 3 X10-8 
Brilliant violet 2 INCH ss CeHsCH2NCHs3 5 X1078 
Basic fuchsin* 3xXNHe 2X10-u 
Methyl green XN(CHs)2; N(CHs)eCoHsBr <10718 
Methy! violet Nii: N(CHs3)2HCl; NHCHs <10-% 
hydrochloride 








* Investigated by Vartanyan. All dark conductances ~10-%, The anion 
in each case is Cl~ 


the hydrochloride of methyl violet, the photoconductivity is too 
small to measure. Similarly, the substitution of HSO,~ for Cl- as 
the nominal anion of malachite’ green reduces the response by a 
factor of 1000. 

Vartanyan states that the decay of conductivity in the dark 
follows a second-order law, 


1/ko—1/k:= — Kt. 


This condition becomes increasingly difficult to realize in practice 
as ko becomes large. Unless the cell has been held in equilibrium 
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with the illumination for several minutes, the initial rate of 
decay is much faster than the final rate. Non-uniformity of the 
film thickness or a small amount of photo-oxidation of the dye 
will also cause a tapered rate. However, if these effects are avoided, 
K remains constant during the whole course of a decay process. 

For any given decay process, K is a function of ko. For a given 
cell, the product (K-ko) may increase by a factor of 4 while ko 
increases by a factor of 1000. Lumped data for all the dyes listed, 
from measurements on 28 cells, give a range of (K-ko) from 
1X10~ sec to 1.6X 107% sec“, the range of ko being from 10-" 
to 2X10-*. A few data for dyes of other structure types show 
values of (K-ko) lying much above this range. The dependence 
of K on temperature is slight for films which are free of photo- 
oxidation. 

If decay is allowed to proceed until the time rate of change of 
conductivity is small (the conductance still being much greater 
than the dark conductance), and the effect of temperature on 
conductivity is then measured, it is found that for all these dyes 
there is an activation energy for conduction lying in the range 
0.38 ev to 0.44 ev. 

The buildup of conductivity in constant illumination proceeds 
linearly for small values of &, and no induction period has been 
detected. Assuming the mobility of carriers? to be 100 cm?/ 
volt-sec, equal participation of the whole area of the cell between 
electrodes, and an activation energy of 0.4 ev, the yield of carriers 
produced per quantum absorbed is ~0.1 for the primary process 
in crystal violet. A few measurements of the thermoelectric 
potential indicate that conduction by holes predominates. 

All the dyes known at present to be photoconductive are 
“basic” dyes having colored cations. In each case the atom 
nominally carrying the positive charge is also part of the chromo- 
phoric conjugated double bond chain. No acidic dyes, in which 
the charge lies on a side chain, are known to be photoconductive. 
This suggests that the mechanism of conduction involves the 
transfer of carriers from the conjugated double bond system to 
an ionic lattice, probably one-dimensional, in which the eal range 
movement of charge takes place. 

* This work was sponsored by the Charles F. Kettering Foundation. 

1A. T. Vartanyan, J. Phys. Chem. (USSR) 20, 1065 (1946); Chem. 
Abstracts 41, 2988 (1947). 


2F. Seitz, Modern Theory of Solids (McGraw-Hill Book Company, Inc., 
New York, 1940), p. 68. 





Absolute Rate of the Chemisorption of Hydrogen 
on Reduced Copper 
TAKAO KWAN AND MASAHARU KUJIRAI 


The Research Institute for Catalysis, Hokkaido University, Sapporo, Japan 
(Received April 2, 1951) : 


HE comparison of the calculated value of the absolute rate 
for the chemisorption of a gas on a solid catalyst with that 
of the observed one has been made in several cases of a metal-gas 
system,'? showing that the agreement was attained generally 
within a factor of 10? or at best within an order of magnitude. 
There seems, however, to be some unreliability involved in both 
experimental and calculated values, arising from a lack of knowl- 
edge about the extent of the surface area of adsorbents or of the 
covered fraction of the surface and from the lack of reliability of 
the calculated potential value based on London’s method, al- 
though the latter difficulty may be eliminated by substituting 
the observed activation energy for the calculated one. 

Kwan e¢¢ al.? have previously determined the rate of chemisorp- 
tion of hydrogen on reduced copper, finding it so small even at 
an initial stage that it took several hours for measurable adsorption 
at 300°C. The rate was, however, strictly proportional to the 
hydrogen pressure, the value of the activation energy derived 
from the first-order constants at 350° and 400°C being 20.52.0.5 
kcal/mole. The surface area of the reduced copper employed was 
found to be 1.710 square centimeter per gram by the B.E.T. 
method. The result therefore seems to provide very adequate 
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data for a much more precise test of the absolute rate theory for 
the chemisorption. The calculation was thereupon carried out 
with special reference to the number of sites for the chemisorption 
of hydrogen on reduced copper. 

The absolute rate of the chemisorption of hydrogen is expressed 
by, 

. 0=K(kT/h)GOg* onga*8* (NH2/Q™2), (1) 
where v=specific rate of the chemisorption of hydrogen, «= trans- 
mission coefficient, G=number of sites for the activated complex 
of the hydrogen molecule H.*, go*4s" = partition function of H:*, 
Q,*(0)=probability that the sites for H,* are vacant, V H2=con- 
centration of gaseous hydrogen, Q@:=partition function of 
gaseous hydrogen molecule. 

Taking now x= and @,*(o) =, and assuming that the activated 
complex has no freedom of translation and rotation and that the 
contribution of the partition function due to vibration is unity, 
Eq. (1) can be formed suitably for calculation in terms of the 
observed activation energy E (E=kT*(0 logv/dT)), the pressure 
P, and the specific rate v, as 


v= (P/h)GQo!2 exp[ —(E+$kT)/kT], (2) 
where 
QoH2=[(2rmkT)1/h8 [42° TkT /i2 LI —exp(—hv/kT) J“. 
From Eq. (2) the number of sites for H2*, or G, is derived from 


the observed data of E, P, and v. The result is shown in the 
Table I. 


TABLE I. 








vmolecules/ E X6.06 X10% 





z°K. P mm Hg cm?/sec kcal/mole G(cm?) - 

623 6.26 X1071 2.6 X10” 4.2 X10" 
20.5 

673 5.90 X1071 9.0 X10" 5.4 X10" 








It is known that copper is of face-centered cubic structure, the 
lattice constant® being 3.615A. Allowing now that the activated 
complex occupies adjacent pairs of copper atom at a separation 
of 3.615A on (110) lattice plane, we have 


G=1X10', 


which is sufficient to account for the calculated value in the 
above Table. 

Irrespective of the numerical agreement, it does appear that 
the surface atoms of copper are equally capable of chemisorbing 
hydrogen molecule; i.e., it cannot be said that only a few “active 
spots” of the surface play the role of chemisorption. 


1 Eyring, Laidler, and Glasstone, The Theory of Rate Processes (McGraw- 
Hill Book Company, Inc., New York, 1941). 

2 T. Keii, Catalyst, Hokuryukan, Tokyo, 4, 47 (1948). 

’T. Kwan and T. Izu, Catalyst 4, 28 (1948); T. Kwan, di ” esas 
Inst. Catalysis, Hokkaido University, Sapporo, 1, ‘No. 2, 95 (19 
P is — The Theory of Chemical Reaction, Iwanami, Tokyo, aA. 

1940). 

5 Wyckoff, The Structure of Crystals (1924). 





The Hydrogen Sulfide Band at 1183 cm™ 


ROBERT H. NOBLE 
Michigan State College, East Lansing, Michigan 
(Received March 29, 1951) 


HE region of the infrared spectrum of hydrogen sulfide from 

1180 cm™ to 1000 cm™ has been reinvestigated with high 
dispersion. About fifty lines were found, the strongest of which 
had an absorption of 25 percent. The same sample produced 
over one-hundred and thirty lines between 1190 cm and 1400 
cm™, the strongest of which had an absorption of 80 percent. 
These two regions must be the P and R branches of the bending 
fundamental v2 (or ms) of the bent triatomic H.S. The R branch 
has, of course, been reported a number of times. 
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There is a gap between branches indicating that this is a 
B-type band with the changing dipole moment parallel to the 
intermediate moment of inertia. The band center is near 1183 
cm~', as predicted by Allen and Cross.' Preliminary examination 
indicates that the parameters they suggest for the upper state 
fit the main features of the band. A more complete rotational 
analysis is being attempted and will be published soon. 

I am pleased to acknowledge the generosity of Dr. Harald 
Nielsen and his co-workers at Ohio State University for permitting 
me the use of the prism-grating infrared spectrograph and other 
facilities. 

1H. C. Allen and P. C. Cross, J. Chem. Phys. 19, 140 (1951). 





Rapid Gas Phase Reaction between Nitric Oxide 
and Ozone 
Haro_p S. JOHNSTON AND HARVEY J. CROSBY 


Stanford University, Stanford, California* 
(Received March 30, 1951) 


Y use of a modified form of the oscilloscopic! method of 
following fast gas phase reactions at constant volume, the 
kinetics of the reaction between nitric oxide and ozone have been 
studied over a narrow range of conditions. Due to the great 
rapidity of the reaction, greater range of conditions was not 
feasible. Partial pressures of reactants varied from 0.03 to 0.2 mm, 
total pressures varied from 200 to 700 mm with nitrogen as carrier 
gas, and the ratio of initial concentration of ozone to that of nitric 
oxide varied from 1.1 to 2.2. Rates were successfully measured 
for 65 runs with about equal distribution at —43° and —75°C. 

The course of the reaction was followed in terms of absorption 
by ozone of the 2536A line from a low pressure mercury arc. The 
line was isolated by chemical filters and focused through an all 
quartz optical system on an IP 28-electron multiplying photo- 
electric tube whose output was on the y-axis of the oscilloscope. 
As a time base was used, there were 120 cycle pulses of light from 
the 60-cycle ac line. Results were recorded photographically as a 
time exposure of the single sweep of the oscilloscope. 

Over the range of conditions studied, the reaction is second 
order and first order with respect to each reactant. The proposed 
mechanism is 

NO+0;= NO2+02+48 kcal. 


Thus, the observed rate of disappearance of ozone is the rate of 
reaction. The association of nitrogen dioxide to nitrogen tetroxide 
is fast compared to this reaction; a small correction for the optical 
density of nitrogen tetroxide was applied. The rate of reaction of 
nitric oxide with oxygen produced by the reaction and also the 
rate of reaction of nitrogen dioxide with ozone! are very much 
slower than this reaction, and these secondary reactions were 
neglected. 

At —43° the average rate constant is 3.6 10° cc mole sec, 
and at —75° it is 1.46X10° cc mole sec. By the method of 
least squares the energy of activation and its double standard 
error of estimate is 2.50.3 kcal per mole. The rate constant 
may be expressed as k=8.0X 10"e—*/2T cc mole sec. 


* This work was supported by a fellowship from the American Cyanamid 


Company 
t Harold S. Johnston and Don M. Yost, J. Chem. Phys. 17, 386 (1949), 





On LCAO Molecular Orbital Schemes and 
Theoretical Resonance Energies 


ROBERT G. PARR 


Department of Chemistry, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania 


(Received March 30, 1951) 


N LCAO molecular orbital theory, one assumes that the 
coefficients C;p in the expansions 


$i=Z py Cipxp (1) 








800 LETTERS TO 


of the molecular orbitals (MO’s) ¢; in terms of the atomic orbitals 
(AO’s) xp may be determined by solution of the simultaneous 
equations 

Z> Cip(H pg—Spae) =9, q=1, 2,*°%, (2) 
where Spq is the overlap integral between xp and xq, and Hyg is 
the integral /-x,*Herrxqdv between these AO’s, Hers being some 
effective one-electron hamiltonian operator. One often further 
assumes that the energy of a closed-shell ground state is given by 
a formula of the form, 

E=2 z ei, (3) 
occupied MO's 

where the ¢;= {¢;*Herréidv are the lowest roots of the secular 
equation, - 


| Hpg—Spee| =0. (4) 


This scheme has proved very useful in “semi-empirical” calcula- 
tions with the LCAO MO method, in which integrals are evaluated 
empirically, but it is not strictly correct. 

The proper (from the point of view of the variational principle) 
procedure to be followed in “fully theoretical” calculations with 
the LCAO MO method has been described by Roothaan' and by 
Mulliken.2 For a closed-shell ground state, Roothaan’s self- 
consistent LCAO MO theory shows one how to write down a 
one-electron hamiltonian operator 


F+Heore+G, (5) 


where Heore is the one-electron kinetic energy operator plus the 
mutual potential energy operator for one electron and the electron- 
less nuclear framework of the molecule, and G is the mutual 
potential energy operator for one electron and the remaining 
electrons, such that solution of the equations 


Lp Cip(Fpg—Spae)=0, g=1,2, ++, (6) 
and 
| Fpg—Spae| =0 (7) 
will yield best LCAO MO’s, and such that the total energy is 
given by the formula 


E=2 z &— z 
occupied MO's occupied MO’s 


(2Jij— Kj), (8) 


where J;; and K;; are coulomb and exchange integrals between the 

MO’s $; and ¢;, and the «¢;= /¢;*F dv are the lowest roots of 

Eq. (7). The energy is thus not the sum of one-electron energies. 

To shed light on why the formulation of Eqs. (2)-(4) works 

so well, we note that an alternative formula to Eq. (8) for the 

energy is - 
E=2 Zz I;+ >» 


(2Jij—Kij), (9) 
occupied MO's occupied MO's 

where I;= /'¢;*H corepidv. Hence, taking the average of Eqs. (8) 

and (9), we obtain* 4 


E= 2 (e«+J;) =2 2 mi, (10) 
occupied MO's occupied MO’s 


where 
mi=4(e+]i)= Soi*M gidr, (11) 
and the median hamiltonian M is given by 
M=}(Heoret+F). (12) 
Now MF, and the correct secular equation, Eq. (7), involves 
F;; therefore, one should not in general employ 
2p Cip(Mpg—Spqm)=0, g=1,2,--+ (incorrect) (13) 
and 
| Mpg—Spqm| =0 (incorrect) (14) 


to determine the m; and the MO’s. The error entailed by the use 
of these equations would be in the orbitals and not the energy 
formula, however, and since first-order errors in orbitals produce 
only second-order errors in energy, the results obtained using 
this scheme might be good. 
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These considerations indicate that Eqs. (2)-(4) should not be 
used for theoretical calculations of resonance energies. A calcu- 
lation by R. S. Mulliken and the present author of the vertical 
resonance energies of benzene and ¢érans-1,3-butadiene using the 
proper formulas, Eqs. (6)-(8), has been carried out giving 73.1 
kcal/mole and 6.5 kcal/mole, respectively, as compared with 
empirical values (corrected to the interatomic distances of the 
actual molecules) of 78 and 9 kcal/mole. Details will be given 
elsewhere. 


1C, C. J. Roothaan, Ph.D. Thesis, University of Chicago, Chicago, 
Illinois, 1950. 

2R. S. Mulliken, J. chim. phys. 46, 497, 675 (1949). 

3The first form of Eq. (10) was called to the author's attention by 
G. R. Taylor. 

4 Equations (8) and (9) are called the subtractive and additive partitions for 
the energy, respectively—see reference 2; Eq. (10) might be called the 
median partition. 

6 Such an improper scheme appears to have been employed by J. Van 
Dranen and J. A. A. Ketelaar, J. Chem. Phys. 17, 1338 (1949); 18, 151 
(1950), in a “‘theoretical’’ calculation of the resonance energies of benzene 
and naphthalene. 





Osmosis in a High Frequency Electric Field 
Z. LAszL6 


Budapest, Hungary 
(Received April 2, 1951) 


N our previous test! we have investigated the influence of 50- 
and 1000-cycle electrostatic fields on the phenomenon of 
osmosis. We employed U-shaped glass vessels, divided into two 
compartments by a baffle soldered to the glass. The baffle was 
either a Jena Type G 3 glass filter or a pierced glass disk. Into 
each leg of the U tube, platinum-plate electrodes were immersed. 
The two compartments were filled with two different liquids to a 
difference of levels which corresponded to the hydrostatic equi- 
librium. Without an electric field, a slow disappearance of the 
level difference could be observed. If now a PD of several thousand 
volts was applied, one level rose and the other went down under 
the influence of the electric field. After completion of the mixing 
between the two liquids, the difference of levels disappeared. 
According to our results, in the case of a pierced glass diaphragm 
the liquid with higher conductivity penetrated into the other 
liquid, while with a porous glass filter the liquid more liable to 
association rose. 

In our present test we used an ac voltage of 380 kc. When using 
the pierced glass baffle, an effect due to the H.F. field could be 
demonstrated. It was also the same liquid of the pair that rose 
as in the case of the 50-cycle field; only the amount of rise was 
smaller. As an example, we would mention the benzene-nitro- 
benzene combination. With 50 cycles, 6000 volts PD, the benzene 
level mounted to 32 millimeters above the nitrobenzene level. 
With the same PD applied but at 380 kc, the step between the 
levels was only 12 millimeters. (Out of the hydrostatic equilibrium 
a level difference of 6 millimeters follows.) When testing liquids, 
which in spite of an effective cooling, heated up considerably 
under the influence of the H.F. field, nothing more than the sense 
of flow could be observed and this only in the case of sufficiently 
differing refractive indices. 

The high frequency voltage used here was modulated by the 
50-cycle mains to not more than 3 percent. Consequently, the 
step between the two levels cannot be ascribed to the presence 
of a 50-cycle modulating voltage but only to the 380 kc. 

We were not able to observe a level difference under the 
influence of the 380-kc electric field when using the G 3 porous 
glass filter. 

The observed frequency dependance follows from our previous 
considerations. In the case of a pierced glass diaphragm, the 
brownian motion of the ions becomes more vivid under the action 
of the ac electric field; therefore, more ions will traverse the pin 
hole in unit time than without field. The solvatation shell carried 
with the molecules will cause the rise of the liquid with smaller 
conductivity. When the frequency of the ac field is 380 kc, the 
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oscillatory amplitude of the ions will be less than with a 50-cycle 
field, the same voltage being applied between the electrodes. The 
result is a smaller difference of levels. 

When the test is made with a porous diaphragm, we ascribe 
the observed effect to the electro-osmosis acting in each half-cycle 
in such a way as to enhance the brownian motion of the molecules. 
This increased brownian motion is responsible for the rise of the 
osmotic force on the presence of an ac field. Based on this expla- 
nation it becomes comprehensible that a high frequency field may 
exert no influence on the osmosis by virtue of the fact that in the 
vicinity of the filter the brownian motion of the molecules de- 
creases with increasing frequency. 


1Z. Laszl6, J. Chem. Phys. 19, 133 (1951). 





Thermodynamics of the Critical Point 


C. F. Curtiss, C. A. Boyp, AND H. B. PALMER 


Naval Research Laboratory, Department of Chemistry, 
University of Wisconsin, Madison, Wisconsin 


(Received April 9, 1951) 


E have derived two thermodynamic relations which help 
to explain the nature of critical phenomena. It is shown 
that at the critical point (1) the velocity of sound is related to the 
specific heat at constant volume and the limiting slope of the 
vapor pressure curve, and (2) the Joule-Thompson coefficient is 
the reciprocal of this limiting slope. 
The velocity of sound at zero frequency is 
c=v(—1/M(dp/dv)s)}. (1) 
Here v is the molar volume; /, the pressure; M, the molecular 
weight; and S, the entropy. This quantity may be considered as 
a well-defined thermodynamic property of the system, and is 
often written in the form, 
c=0(—/M(dp/d)7)}, (2) 
where y=C,/C, is the ratio of the specific heats. This form is 
inconvenient for use in the neighborhood of the critical point, 
since at this point C, and hence y is infinite while (0p/dv)7 
becomes zero. By straightforward thermodynamic arguments one 
may obtain the exactly equivalent relation, 


c=v(0p/8T)(T/MC,)*{1—(C./T)(0p/d0)r/(0p/9T),?}*. (3) 
This form has the virtue of remaining determinate at the critical 


point. Since (0p/dv)r becomes zero while C, and the remaining 
quantities remain finite, at the critical point, we have 
c=v(0p/d T) (T/MC,)}. (4) 
Let us consider a two-phase system consisting of a liquid in 
equilibrium with its vapor. For this system the value of (0/07), 
is the slope of the normal vapor pressure curve. Because of the 
continuity of the phases the vapor pressure curve is continuous 
with the critical isochore. Hence the value of (0p/8T), may be 
obtained either from ordinary P, V, T, data or from the normal 
vapor pressure curve. Incidentally, 


[v/R(Op/AT)» Jeritical (5) 
is a dimensionless constant which according to the law of corre- 
sponding states should have a universal value. From examination 
of the data on various substances it appears that this constant 
has a value of about 1.9. 

The Joule-Thompson coefficient, defined as 
u=(0T/0))x 
is often written in the form, 
_ —v+T(00/0T)» 

be C. 7" 
This form, which is also indeterminate at the critical point, may 
be rearranged by thermodynamic arguments similar to those 
used above. The result is another exact thermodynamic relation, 

sii {1+(0/T)(0p/d0)7/(9p/9T)»} (8) 
(0p/8T)o{1—(C./T)(0p/80)r/(8p/8T)7}" 


(6) 


(7) 
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At the critical point this expression reduces to the remarkably 
simple result 


u=1/(8p/8T),, (9) 


that is, the Joule-Thompson coefficient at the critica] point is the 
reciprocal of the limiting slope of the vapor pressure curve. 

Equation (4), or its counterpart using the reciprocal of the 
Joule-Thompson coefficient, can be used to calculate the specific 
heat at constant volume at the critical point from data on the 
velocity of sound and the vapor pressure or the Joule-Thompson 
coefficient. Such calculations have been made in a few typical 
cases and are summarized in Table I. 


TABLE I. 








Cv (calculated) 
(cal/mole deg) 


18.2 
17.2 
8.14 


Reference 


CY 
(cal/mole deg) 


Compound 


CO2 
CoHs 
SFs 





6.82 
8.12 
22.20 








® Cy» calculated using Joule-Thompson coefficient [Roebuck, Murrell, and 
Miller, J. Am. Chem. Soc. 64, 400 (1942)] and velocity of sound at 260 
kc [C. M. Herget, J. Chem. Phys. 8, 537 (1940)]. 

bC» calculated from vapor pressure data [Michels, Wassenaar, 
Zweitering, and Smits, Physica 16, 501 (1950)] and velocity of sound at 
260 kc [C. M. Herget, J. Chem. Phys. 8, 537 (1940)]. 

¢Cy calculated from vapor pressure data [‘‘Sulfur hexafluoride," 
Penn. Salt. Manufacturing Company, Manual SF-1 (1948)] and velocity 
of sound at 600 kc. [W. G. Schneider, Can. J. Chem. 29, 243 (1951)]. 


The calculated value of C, for CO2 is in reasonably good 
agreement with the value of 17.3 cal/mole deg obtained from 
P, V, T measurements by Michels and co-workers.' However, a 
more recent publication by Michels reports a direct measurement 
of C, for COs: in this region of the order of 50 cal/mole deg.? The 
C, calculated for SFs is obviously low when compared with the 
zero pressure value listed in the last column. These variations 
are due to the fact that the measured velocity of sound is not the 
thermodynamic value but is masked by dispersive effects in this 
region. 


1A. Michels, Bijl, C. Michels, Proc. Roy. Soc. (London) A160, 376 (1937). 
2A. Michels and J. C. Strijland, Physica 16, 813 (1950). 





The Force Fields of Carbon and Silicon 
Tetrafluorides 


J. W. Linnett AnD D. F. HEATH 
Inorganic Chemistry Laboratory, Oxford University, Oxford, England 
(Received April 2, 1951) 


ORCE fields including terms for repulsions between non- 
bonded atoms! have been applied recently to AX, type 
molecules by Simanouti? and by ourselves.* We used, as our basic 
field, one based on modern ideas of directed valency and called 
it the orbital valency force field (O.V.F.F.). Simanouti used a 
simple valency force field with repulsion terms. We pointed out, 
however, that the results of both sets of calculations were unsatis- 
factory for SiF,.4 Because Jones ef al.5 have published fresh data 
for SiF,, we have repeated our calculations. We have made 
calculations for CF, also. 
Our results are listed in Table I. The formulas for the frequencies 
are in Part IV of our series. There are three force constants: fj, 
the bond stretching constant; k.’ the bond bending constant; 


TABLE I. 








ki a, A 
(105 dynes/cm) 





CF. 

4.35 

SiF 4 
$9 0.56 


0.844 0.6 
0.15 
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and A the repulsion constant (F---F) equal to half the second 
differential of the van der waals P.E. with respect to distance, 
i.e., $d°V /dR*. (As in Parts III and IV, B/R was put equal to 
A/6}—the reasons for this are given in those papers.) The 
observed frequencies of CF, are those given previously. Those of 
SiF, are the ones given by Jones ef al. the infrared value being 
preferred to the Raman value when both are listed. (Because of 
the spectrograph used we have presumed that the Raman spec- 
trum was obtained using liquid SiF,.)5 The agreement between 
calculated and observed frequencies for CF, is excellent. For SiF, 
the calculated frequencies associated with vibrations involving 
mainly bond stretching agree well with the observed values but, 
for the frequencies of the bending vibrations, the agreement is 
not so good. The constants were chosen so that the difference for 
both was 13 cm~!. The only adjustment of constants that would 
appreciably reduce this difference would completely destroy the 
agreement obtained for the stretching frequencies. So the agree- 
ment for SiF, is only moderately good. It may be that the bending 
vibration frequency 268 cm would be different in the gas phase. 
That there may be strong intermolecular effects in the liquid 
affecting certain vibration frequencies is indicated by v3 which is 
found to be 1031 from the infrared and 1010 from the Raman 
spectrum. It is noteworthy that it is possible to obtain much 
better agreement by calculation with the observed frequencies 
given by Jones ef al. than with those given earlier.* So this treat- 
ment favors their values. 

In Table II the values of the second differential of the P.E. of 











TABLE II. 
av 1 av 
dR? R dR 
Interaction (X105 dynes/cm) 
CFs 
Ne::-Ne at 2.22A 0.75 —0.05 
F ---F, this treatment 1.2 —0.09 
F---F, Simanouti 1.35 —0.30 
SiFs 
Ne:--Ne at 2.51A 0.12 —0.01 
F ---F, this treatment 0.3 —0.02 
F---F, Simanouti 0.43 —0.31 








the van der waals interactions between the fluorine atoms in CF, 
and SiF, are compared with the same quantities for the inter- 
actions between two neon atoms at the same distances as taken 
from Simanouti’s paper.” Similar comparisons have been made by 
Simanouti and ourselves for the interactions between other non- 
bonded halogen atoms. For CF, the value of d?V /dR? for F---F 
interaction is of the same order as that for Ne---Ne interaction 
at the same distance. Simanouti’s figure is also of the same order, 
but for 1/R-dV/dR Simanouti’s value is too large. For SiF, 
our figures for the F---F interaction are of the same order and 
in satisfactory agreement with the figures for Ne- - - Ne interaction 
at the same separation. Simanouti’s figures are unsatisfactory, 
but he was using the old frequencies. 

To summarize, the O.V.F.F. combined with repulsions between 
the fluorine atoms accounts excellently for the observed vibration 
frequencies of CF, and moderately for those of SiF,. The repulsion 
terms are in satisfactory agreement with what would be expected 
from the known interactions of inert gas atoms, and this provides 
further confirmation for the inclusion of such terms.’ 

1H. C. Urey and C. A. Bradley, Phys. Rev. 38, 1969 (1931). 

2T. Simanouti, J. Chem. Phys. 17, 245, 734, 848 (1949). 

3D. F. Heath and J. W. Linnett, Trans. Faraday Soc. 44, 873, 878, 884 
(1948) ; 45, 264 (1949). 

4D. F. Heath and J. W. Linnett, J. Chem. Phys. 18, 147 (1950); and 
Trans. Faraday Soc. 44, 561 (1948) 


5 Jones, Kirby-Smith, Woltz, and Nielsen, J. Chem. Phys. 19, 242 (1951). 
¢ Bailey, Hale, and Thompson, Proc. Roy. Soc. (London) A, 167, 555 


8). 
7F. H. Westheimer and J. E. Mayer, J. Chem. Phys 14, 733 (1946); 
15, 252 (1947); T. L. Hill, 16, 399, 938 (1948); J. Duchesne, Mémoires 
Soc. Roy. Sci. Liége (1943), p. 429; V. Henri, Mem. Vol. Desoer Liége 
toan, p. 33, 47; Coulson, Duchesne and Manneback, Nature 160, 793 
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The Significance of the Frequency Factor in 
Unimolecular Reactions 
SipNEY W. BENSON* 


Laboratoire de Chimie Physique, Paris, France 
(Received April 20, 1951) 


N the treatment of the theory of unimolecular reactions by the 
absolute reaction rate method? it is assumed that the frequency 
of decomposition of the activated complex is equa] to some normal 
frequency of the molecule. In the simple case of the breaking of a 
single bond, this frequency is taken as the vibration frequency of 
the bond. In such cases the frequencies are of the order of magni- 
tude of 10% sec~!, and the experimental evidence? seems to be in 
accord with such a frequency factor.? The same value is obtained 
whether or not we consider the decomposition as proceeding via a 
“translation” in phase space across a critical bond extension or 
from a consideration of the frequency of vibration. 

Such an interpretation is, however, in direct contradiction with 
the requirements of a collision mechanism for the maintenance of 
an equilibrium supply of activated molecules. Thus, if we employ 
the Lindemann hypothesis for activation: 


ky 
A+A=—A*+A 
ke 
— products, 
kr 


the maximum rate for the deactivation of the active complex A* 
is given by the product k,-A~10° to 10! sec“! at S.T.P. The 
interpretation that ke~v~10" sec! would then require that the 
steady-state concentration of A* be some 10~% to 10~‘ lower than 
its equilibrium concentration. 

That frequency factors of the order of 10'* sec“ are actually 
observed cannot be taken as confirming the ARR hypothesis. 
A more reasonable interpretation of the rates of unimolecular 
reaction is provided by the Rice-Ramsperger-Kassel theories* and 
the recent theory of Slater.‘ In the former it is assumed that the 
rate of decomposition of an activated complex with energy €> écrit 
is given by k(e)=v(1—e/e*)™"!, e* being the minimum energy 
needed for the decomposition and m the number of normal modes 
cooperating in the decomposition. The RRK theory, however, sets 
no a priori value on the constant v. In the Slater formulation rv is 
calculated, @ priori, as the root-mean-square average of the n 
normal modes required to describe the decomposition process. 
It is thus shown to be in the range of normal frequencies 10!” to 10" 
sec"! in agreement with observations. The individual rate con- 
stants k(e) which describe the probability of spontaneous decom- 
position have quite reasonable values depending on n. Thus, 
Slater calculates k(e)~10° sec™! (n=5):k(e)~104 sec! (n=10) 
for a choice y= 108 sec"!; E/RT =40, which are quite reasonable 
rates in terms of the Lindemann collision hypothesis. 

It is the feeling of the author that the ARR theory over- 
simplifies the case in assuming that the act of decomposition of a 
complex molecule can be described in terms of the rupture of a 
single bond which is then associated with a single normal coordi- 
nate. It is this assumption, plus the neglect of states of higher 
energy,® which brings the ARR theory into contradiction with the 
Lindemann hypothesis. 

In the case of bimolecular and higher order processes, while the 
same objection of oversimplification can be made of the ARR 
theory, there is not necessarily the same contradiction with the 
hypothesis of equilibrium. If we use the scheme: 


A+B*t+---) Ri kr 
| comple *— products, 
A*+B+--+Jhe 


then both kz and k2 are unimolecular constants, and so long as 
ke>>kpr, the thermal equilibrium of complexes can be maintained. 
In this case ke is not limited by the frequency of collisions and so 
can be of the order 10'* sec™. It is, however, the feeling of the 
author that the Slater formulation of a range of states for the 
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complex with individual rate constants which depend on the total 
energy provides a much more satisfactory basis for these reactions. 
Also, it gives a value physically more meaningful for the fre- 
quency factor kr in terms of normal modes than the purely formal 
quantity kT/h and simultaneously avoids the oversimplification 
of the dissociation process. 

In terms of the Slater formulation, the rate constant for a reac- 
tion of any order may be expressed as: k=kpKeq*=vKeq*e=/"7, 
where »~10'* sec (defined as before) and Keq* represents an 
equilibrium constant between complex and reactants in which all 
contributions from internal coordinates of the complex contribut- 
ing to the dissociation have been removed. As is evident, it is 
formally equivalent to the ARR construction. A more extended 
discussion of the theory will be presented in a subsequent paper. 

The author wishes to thank Dr. M. Magat for many helpful 
discussions. 


* Joint Fellow of the Guggenheim Foundation and Fulbright Commission 
(1950-51) on leave of absence from the Chemistry Department, University 
of Southern California. 

1 Glasstone, Laidler, and Eyring, The Theory of Rate Process (McGraw- 
Hill Book Company, Inc., New York, 1941). 

2M. Szwarc, Chem. Revs. 47, 75 (1950). See in particular the derivation 
given (p. 109) which is an extension of the absolute rate method 

3 For a summary see L. Kassel, ‘‘ Kinetics of homogeneous gas reactions,” 
Am. Chem. Soc. Monograph No. 57 (1932). 

4N. B. Slater, Proc. Roy. Soc. (London) 194A, 112 (1948). 

5 In both the RRK and Slater theories, the high pressure rate constant 
is given by k =ye2/RT 

6In calculating the concentration of complexes from the expression 
A*=Keq.A, there is a neglect of the fact that A* is in reality a range of 
possible ! states of different energy and entropy. 








The Pure Quadrupole Spectrum of Solid Chlorine 


RALPH LIVINGSTON 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee* 
(Received April 25, 1951) 


HE pure quadrupole spectrum of solid chlorine at liquid 

nitrogen temperature has been measured in the manner 
already described.! A single line was observed for Cl*® at 54.248 
Mc. The C]*" line was also seen at the expected frequency. The 
approximate nuclear quadrupole coupling for Cl*, spin 3/2, in 
solid chlorine then is 108.5 Mc, twice the observed frequency. 
The sign of the coupling is not determined by this method, but 
it should be negative. The corresponding coupling for atomic 
chlorine,? which lacks one # electron from having a closed shell, 
is —110.4 Mc. Townes and Dailey* have pointed out that co- 
valently bonded chlorine compounds should have a coupling 
approximately equal to that of the free atom if the chlorine bond 
is a pure p-type. Since molecular chlorine should have little if any 
ionic character, it appears that the bond in the molecule uses 
essentially a p orbital with no, or very little, s hybridization. 
Further details on measurements of a large variety of chlorine 
compounds in addition to those already reported! will be published 
in the near future. 


* This work was performed for the AEC. 

1R. Livingston, Phys. Rev. 81, 289 (1951). 

2 Evaluated from the work of Davis, Feld, Zabel, and Zacharias, Phys. 
Rev. 73, 525 (1948). 

3C. H. Townes and B. P. Dailey, J. Chem. Phys. 17, 783 (1949). 





Overvoltage at the Copper Electrode 
THOR RUBIN 


Department of Chemisiry, The Ohio State University, Columbus, Ohio 
(Received April 23, 1951) 


ECENTLY Reed and Schriever' have asserted that a space 
effect in an electrolyte near a copper electrode can be 
detected. Gordon? suggests rather that Reed and Schriever’s 
results are caused by overvoltage, concentration effects brought 
into being by ion diffusion, convection in the solution, and by 
deposition of metal. 
Measurements of anodic overvoltages of a copper electrode in 
contact with stirred cupric perchlorate solutions at low current 
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density have been made in these laboratories. These measure- 
ments and the work of Pointelli, Poli,? and Heinert‘ agree to 
the extent that the overvoltage found is proportional to the square 
root of the current density for low current densities. 

The anodic process is accompanied by the formation of a sludge 
at the anode composed of finely divided pure copper. The square 
root relation mentioned applied most accurately for aged copper 
electrodes, 

An interpretation consistent with these observations is that 
the overvoltage phenomenon itself is associated with a space- 
charged controlled diffusion process® in a fixed layer of a cuprous 
salt on the electrode which has semiconducting properties or a 
similar process involving ions in a thin layer of solution containing 
cuprous ion next to the electrode which is controlled by space 
change. It is to be expected that the cuprous salt, if it is not too 
insoluble, will react with water to Gapeepertionnty into copper 
and cupric ion. 

In a forthcoming paper the diffusion differential equation is 
solved and applied to our data. The nature of the layer is dis- 
cussed in terms of the magnitude of the change mobility and 
excess concentration of charge in the layer. 


(1956) A. Reed and W. Schriever, J. Chem. Phys. 17, 935 (1949); 18, 146 
2A. R. Gordon, J. Chem. Phys. 18, 146 (1950). 
3R. Pointelli and G. Poli, Gazz. Chim. Ital. 79, 538 (1949). 
4E. Heinert, Z. Elektrochem. 37, 61 (1931). 
5W. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals 
(Oxford University Press, New York), second edition, p. 177. 









Expressions for Turbidities* 
F. BuEcHE, P. DEBYE, AND W. M. CASHIN 


Department of Chemistry, Cornell University, Ithaca, New York 
(Received April 20, 1951) 


RECENT paper in this Journal has shown how transmission 

measurements may be used to find the size of various-shaped 
polymer molecules in solution.' In order to use the method, one 
must know the turbidity of a solution of such molecules. The 
authors of that paper obtained values for the turbidity of solu- 
tions of rods, spheres, and monodisperse coils by graphical 
integration of the angular scattering equations. 

The scattering equations for all three of these types may be 
integrated to yield turbidity equations which contain only tabu- 
lated functions. This has been done for spheres and mono- 
disperse coils by P. Debye and W. M. Cashin.? The turbidity of 
a solution of thin rods was calculated some months past by 
F. Bueche. Since these may be of use in the work of others, they 
are presented here. 

For a solution of thin rods one has that 


T 


HcM 





=8{tt =Si(2) + Ci(2) —Ine— +4 (114 5-3 30) cose 
4449) das (t- 2-2) 
#(:+2) adil -(; 3x2 5x47 J° 


y sin2y 
4 


+(1—y?)[In2y+7— Ci(ay) }. 


For spheres one has 


T 


HcM of 





Ar +7 ay +2 cos 2y— 


For coils one has 
T 1 6 . 
Bag (3+2)tine— 7+ (-Ei(-2) +6 
a Ll 
aa +1] wale 13}. 


In these expressions the symbols are the same as in reference 1 
except that 





x=2kL; y=kD; 2=%k?R?, 
where k=2mo/A; wo=refractive index of solvent; A, wavelength 
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in vacuum; L, rod length; D, sphere diameter; R?, averaged 
square of distance from beginning to end of the coil chain; 


Si(x) =f” sintat/t, Ci(z)=— ~~ cosiat/t, 
—Ei(—s)= tm e-‘dt/t, 


and y=Euler’s constant2¥0.5772. 

The functions Ci(x), Si(x), and —Ei(—-x) are tabulated.’ 

The above expressions give values almost identical to the 
values found by graphical integration.! 


* Part of the work reported herein was done in connection with the 
Government Research Program on Synthetic Rubber under contract with 
the Office of Rubber Reserve, Reconstruction Finance Corporation. 

1P, Doty and R. F. Steiner, J. Chem. Phys. 18, 1211 (1950). 

3 P, Debye and W. M. Cashin, Reports to Office of Rubber Reserve. 

3 See, for example, E. Jahnke and F. Emde, Tables of functions (Dover 
Publications, New York, 1945). 





Parent Peak Intensities as a Basis for Estimating 
Purities of Deuterium Substituted Compounds 


H. W. ROLLMANN AND H. L. McMurry 


Phillips Petroleum Company, Research and Development Department, 
Research Division, Bartlesville, Oklahoma* 


(Received April 16, 1951) 


HE data of several workers? indicate that the parent ion 
intensities in the mass spectra of hydrocarbons differing 
only by deuterium substitution are the same when run under 
identical conditions. Recently F. E. Condon has synthesized a 
number of deuterium containing derivatives of propane in this 


TABLE I. Comparison of parent peak intensities of molecules differing only 
in deuterium substitution. 











Molecule Parent peak intensity* 
CH;CH:2CH; 450> 
CH2:DCH:2CHs; 439b 
CH;:CHDCH; 415>.d 
CH;:CH:2CHs 369° 
CH;:CD2CHs 368° 
CH;CH(C1)CHs; 322d. 
CH;CD(CI)CHs 314d. 








® Corrected for contributions from ions of C™ containing isomers lacking 
one hydrogen atom. 

> Data obtained at different times and corrected to a common basis by 
using the intensity of the 58 peak in the n-butane spectrum which was 
obtained at the time each sample was run. 

° Data obtained under the same operating conditions. 

dSample contained 3 percent propylene impurity as determined by 
aa See McMurry, Condon, and Thornton, J. Chem. Phys. 17, 918 

¢ Based on mass peak involving Cl. 


laboratory*‘ and has used the parent ion intensities in their mass 
spectra relative to the parent ion intensities of the undeuterated 
compounds to determine the purity of the synthesized materials. 
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Data similar to those referred to previously? are presented here 
and, like them, serve to validate the assumptions basic to these 
analyses. 

Table I presents the parent peak intensities (corrected for 
contributions from C" containing isomers) of highly pure samples 
of CH,.DCH:CH;, CHsCHDCHs, and CH;CD;CH; in comparison 
with that of propane, together with similar comparisons for 
CH;CH(CI)CH; and CH;CD(CI)CHs3. Data were obtained on a 
Westinghouse Type LV Mass spectrometer using 75-volt electrons. 

Although the comparisons, unfortunately, do not always involve 
data obtained under identical circumstances, they furnish con- 
vincing support for the assumption that parent peaks of com- 
pounds differing only by deuterium substitution will be nearly 
the same when obtained under the same conditions as the parent 
peaks of the unsubstituted compounds. 

Table II presents data on samples of propane-ds, propane 
1,1,1,3,3,3-ds, 2-chloropropane, 2-chloropropane 1,1,1,3,3,3-dg, 
2-chloropropane-d7, acetone, and acetone-dg. 

From the data in Table II, it was calculated that the C3D; 
sample was approximately 90 percent C3;Ds and 10 percent C;D;H 
(51 peak). The 10 percent C;D;H plus the contribution of C¥ 
isomers satisfactorily explained the odd numbered peaks in the 
spectrum.‘ The C3;3H2Ds sample was approximately 80 percent 
pure with a small amount of C;Ds impurity (52 peak), and 
probably the largest impurity was C3H3D;. The CD;CH(Cl)CD; 
was determined to be about 80 percent pure with the largest 
impurity approximately 18 percent 2-chloropropane-d5; and the 
CD;CD(CI)CD; approximately 85 percent pure with the largest 
impurity estimated at 10 percent 2-chloropropane-d6.‘ The 
acetone-d6 was estimated to be about 95 percent pure with 
approximately 5 percent acetone-d5 (63 peak). 

* Report 106-5-51R. 

1 Evans, Bauer, and Beach, J. Chem. Phys. 14, 701 (1946). 

? Turkevich, Friedman, Solomon, and Wrightson, J. Am. Chem. Soc. 
70, 2638 (1948). 


3 Condon, McMurry, and Thornton (to be published). 
4F. E. Condon (to be published). 





Intermolecular Forces in Methyl Chloride 


VERNON MYERS AND RALPH PETERS 
The Pennsylvania State College; State College, Pennsylvania 
(Received April 20, 1951) 


HE intermolecular forces between methy] chloride molecules 
are computed in a semi-empirical manner from optical dis- 
persion data, the dipole moment, and second virial coefficients. 
Hirschfelder, McClure, and Weeks! have previously treated the 
CH; Cl interaction using a box potential. 
The dipole moment for methy] chloride is 1.87-10~™ esu.? The 
alignment effect is then 


V=—(3.50-10-!2R -3+-3.50- 107 !2R) 
Xf(0:, 02, @) erg, Rin A. (1) 


TABLE II. Comparative parent peak intensities.* 














| | 
M/e C3Hs C3Ds CsH2De 


| | 
CH;:COCHs CD;:COCD; 





) 1 
CHsCH(Cl)CHs CDsCH(Cl)CDs CDsCD(CI)CDsa 
44 533 
50 428 
51 54 15 
52 496 8 











® Mass spectra of bracketed compounds are to be compared. 
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The term in R* is included to account approximately for dipole- 
quadrupole interactions,*‘ and (61, 62,) is the usual angular 
function for two interacting dipoles. 

There are two one level dispersion formulas for methy] chloride. 
Brindley® and Lowry found 


n—1=5.852-10"/(7801 - 107”) — V2, (2) 
while Ramaswamy* found 
n—1=(7.421-10”7/10810- 1077) — V2. (3) 
The induction and dispersion effects are calculated from each 
dispersion formula and averaged. The results are 
V ina = — (30- 10-7 R *+-30-10-"R) erg, 4) 
Vais= — (300- 10-2R*4900- 10-18R-+) erg. ( 
The short-range repulsive forces are estimated from the second 
virial coefficients for CH;Cl.? Table I shows the results for the 


TABLE I. A comparison of the experimental and theoretical second virial 
coefficients on the basis of the hard sphere model. 








Percent 
difference 


Theoretical virial 
cm?/mole 


Experimental virial 


Temperature 
°K cm3/mole 





—222 
—189 
—159 
—139 
—124 


—226 —1. 
—191 1. 
—159 
—136 
—120 








potential 


V =—(3.50-10-*R-$+3.50-10-"*R-) f(61, 82, ) 
— (330-10-"R*+-930-10-"*R-*) erg, 
R>3.91; V=0, R<3.91. (5) 
A more realistic model is an exponential repulsion. Table II shows 


TABLE II. A comparison of the experimental and theoretical second virial 
coefficients on the basis of the exponential repulsion. 








Percent 
difference 


Theoretical virial 
cm?*/mole 


—220 0.9 
—189 0.0 
—160 —0.6 
—145 —4.3 
—131 —5.6 


Experimental virial 
cm’/mole 


Temperature 
°K 





394 —222 
—189 
—159 
—139 
—124 








the results for the potential 


V =6.50- 10-8 exp(— R/0.28) — (330- 10-12R 4-930: 10-12R-8) 
— (3.50- 10-12R-24-3.50- 10-"2R-5) f(), 82, 6) erg. (6) 


The quantum correction‘ is negligible for CH;Cl because of 
the large moment of inertia (57-10~*° g cm?) in the plane normal 
to the symmetry axis. 


1 Hirschfelder, McClure, and Weeks, J. Chem. Phys. . 201 (1942). 

2 Townes, Shulman, and Dailey, Phys. Rev. 76, 472 (1949). 

3H. Margenau and V. Myers, Phys. Rev. 66, 307 (1944). 

4V. Myers, J. Chem. Phys. 18, 1442 (1950). 

5 Brindley and Lowry, Phil. Mag. 12, 945 (1931). 

*K, L. Ramaswamy, Proc. Indian Acad. Sci. 4A, 675 (1936). 

7 Methyl chloride, E. I. DuPont de Nemours and Company, Inc., Elec- 
trochemicals Department, Wilmington, Delaware. 





Vibration-Rotation Transitions of C.D, 
in the Microwave Region* 
RoBErRT M. TALLEYt AND ALvIN H. NIELSEN 
Department of Physics, The University of Tennessee, Knoxville, Tennessee 
(Received April 20, 1951) 

HOUGH C:Dz, because of its symmetry, does not possess a 
permanent dipole moment, and, therefore has no pure rota- 

tion spectrum, it is nevertheless possible that several vibration- 
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rotation lines arising from the difference band »;'—»,' may be 
observable in the microwave region. It is believed that up to the 
present neither any true vibration-rotation transitions have been 
observed in this region, nor that any electric transitions have been 
observed for molecules having zero permanent electric moment. 
High dispersion measurements through the complete region 
from 500 cm~! to 8500 cm have recently been completed! for 
C2D- with a prism-grating spectrometer. About forty bands were 
observed, of which many were resolved and analyzed. From these 


TABLE I, 








vii +J (J +1) Bs 





vs =538.66 cm! 
as = —0,0001 cm™ 
Bo =0.8483 cm=! 
B; =0.8484 cm™! 


671.01 cm7! 


693.07 
716.82 


742.28 
769.42 








data all the w;, x:;, B,, a; were computed with good accuracy, 
except for a, about which there is still some doubt. Two values of 
a, were obtained; one, from the beautifully resolved »4'+-y5 in 
which a, is found to be —0.0037 cm™, and another, from the 
analysis of three other bands involving »4! where ay is found to be 
+0.0004 cm. To determine which value is correct more in- 
formation must be had about »4!. We believe that »5'—»,', which 
is active in the infrared, will furnish this information. »5' was 
observed directly and an analysis of its rotational strueture gives 
its band center at 538.66 cm. The band center of »,4!, which is 
inactive in the infrared, was determined as 511.38 cm from the 
difference band vs—»,! and v3. The difference band »;'—»,! would 
then have a band center at 27.28 cm™ or 366u which is well 
beyond the range of most infrared spectrometers. The proximity 
of the two vibrational levels, however, causes the rotational levels 
associated with 14=1, /,=1 to overlap with the rotational levels 
associated with v;=1,/;=1 for relatively small values of J. If this 
overlap were of just the right magnitude, one would expect to 
observe one or more lines with a microwave spectrometer. The 


TABLE II. 








Case 1 Case 2 





vw =511.38 cm~! 
a4 = +0.0004 cm™ 
By, =0.8479 cm= 


vi +J (J +1) Bs 


vg =$11.38 cm 
as = —0.0037 cm 
Bs =0.8520 cm= 


vai+J(J +1) Ba 


644.29 cm=! 
666.44 
690.30 
715.86 
743.02 
772.09 








observation of such transitions would give very accurate informa- 
tion on the B’s and ay and as. 

This letter is written with a view to pointing out the possibility 
of observing such lines for C2D, and to give approximate values 
of the frequencies in mc/sec. Energy levels have been computed 
for »%=1, ls=1, and for »%=1, /44=1 with ag=—0.0037 cm™ as 
case 1 and a,=+0.0004 cm™ as case 2. 

Table I gives the vibration-rotation levels for J=12 through 
J =16 associated with »,=/,;=1. 

Table II lists the same information for the vibration level 
v4=1,=1 for cases 1 and 2. 

Table III gives the frequencies in cm and in mc/sec of the 
permitted transitions for both cases which fall in the microwave 
region. 
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TABLE I. Carbon-hydrogen stretching modes of trioxane (cm~!). 








Case 2 
Frequency 
cm~! mc/sec 


1.94 58,157 
0.27 8,094 
1.42 42,569 


Case 1 
Frequency 
cm~! mc/sec 


0.96 28,779 J4=15-J5=14 
0.74 22,184 J4=16-J5 =15 
Js=16—-J4=17 


Transition Transition 


Js=15-J5=14 
Js=16-J4=15 











It may be seen from Table III that whether a, has the one or 
the other of the two values, there should be observable transitions 
in the easily accessible microwave region. 


* Supported by a Frederick Gardner Cottrell Grant. 

t Now at Naval Ordnance Laboratory, White Oak, Maryland. 

1 Abstract at New York meeting of the American Physical Society; R. M. 
Talley and A. H. Nielsen, Phys. Rev. 82, 338 (1951). To be reported in 
detail in a forthcoming paper in J. Chem. Phys. 
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N the course of a study of the infrared absorption of crystalline 
trioxane which we intend to publish at a later date, we have 
had occasien to examine the infrared absorption of the vapor phase 
of this substance, which has been reported previously by Ramsay.! 
Using a LiF prism with a Perkin-Elmer 12C spectrometer, and a 
cell of 6.75 cm length containing trioxane gas at the vapor pressure 


Wave Number (cm=') 
2800 


vi 


Fic. 1. Infrared absorption of trioxane. 








Treasmission () 
a 
° 




















of the solid for 25°C, we obtained the absorption spectrum repre- 
sented in Fig. 1. It is evident that two of the bands exhibit well- 
resolved P and R branches, together with a prominent Q branch. 
A third band shows less complete resolution and a less prominent 


This research Raman, solution> Assignmente 
P 2776 
Q 2794 
R 2804 


P 2845 
QO 2854 
R 2868 

2950 


3026 


Ramsay* 





2765 (4) Ai () 


2825 (6) 2875 (2) A (s) 


2925 (1) 
3000 (4) 


E (s) 


3027 (3) E (6) 








® Reference 1. 
b Reference 2. 
¢ For explanation of the meaning of s and ¢ see text. 


Q branch; there is also a much weaker absorption at about 2950 
cm7}, 

These band maxima are summarized in Table I, where com- 
parisons are offered between our work, that of Ramsay,! which was 
conducted with a NaCl prism and a longer absorbing path, and 
finally, the Raman data of Kahovec and Kohlrausch? obtained in 
CCl, solution. 

In the final column of the table we have suggested a set of 
assignments on the basis of the chair (C3,) structure proposed by 
Ramsay.! The theory of band envelopes for symmetric tops*' is of 
great assistance here. If moments of inertia as estimated by 
Ramsay are employed, it is expected that in a parallel (A,) band, 
the P and R branches will be separated by about 25 cm“, and that 
the ratio of the intensities of the Q to P (or R) branch will be about 
3:2. For a perpendicular (£) band, on the other hand, less resolu- 
tion and a less prominent Q branch are expected. 

Inspection of a model of this molecule with C;, symmetry reveals 
that the six CH bonds separate into two symmetrically equivalent 
sets of three members each; the members of one set, s1, and se, and 
$3 are very nearly parallel to the symmetry axis, whereas those of 
the second set, #1, ¢2, f3, are inclined to the symmetry axis by ap- 
proximately 109° 28’. A priori, it would be difficult to predict the 
amount of coupling between the symmetry coordinates of species 
Aj, namely, sai=3-4(sit+se+53) and ta:=3-4(t1+t2+s), and the 
corresponding coupling between symmetry coordinates of species 
E, such as sg =674(2s,;—s2—53) and tg=674(2t,-t2—t;). However, 
by making the assumption that this coupling is small, and then 
noting that the intensities of the fundamentals should be approxi- 
mately proportional to the lengths of linear combinations of vectors 
directed along the various bonds, using the same coefficients as 
those appearing in the expressions for symmetry coordinates, we 
can predict the rough intensity ratios s4:/tai=3 and sg/tg=0. 
Further work is obviously necessary to confirm these detailed 
assignments within a given symmetry species. 

1D, A. Ramsay, Trans. Faraday Soc. 44, 289 (1948). 

2L. Kahovec and K. W. F. Kohlrausch, Z. physik. Chem. B35, 29 (1937). 


: E. Teller, Hand-u. Jahr-buch Chem. Phys. 9, II, 43 (1934). 
S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 (1933) 
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